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upon GA treatment of sufficient concentration. 
It is characteristic of grain sorghum to grow slowly during the early 
part of the season. Thus, it offers little competition to weeds during 
early stages of growth, and weed control by row cultivation is difficult 
due to its small seedling size. Anyt ing that would hasten growth of the 
sorghum seedlings during this critical period might be of considerable 
value in reducing the competitive effects from weeds. 
This investigation was conducted to determine the effect of GA on 
seedling emergence, growth and other responses of dwarf grain sorghum 
(Sorghum vulgare~ under greenhouse and field conditions. 
EXPERIMENTAL PROCEDURE 
The first experiment was conducted in a 75"F greenhouse using two 
entries, R.S. 610 and Reliance, a hybrid and an open-pollinated variety, 
respectively. Treatments employed were: (1) Six depths of seeding; 
1, 2, 3, 4, 5 and 6 inches; (2) Two GA concentrations - 0 ppm (distilled 
water and 500 ppm in distilled water. A split -plot design with four 
replicates was used in which depths and variety x GA combinations con-
stituted the whole plots and subplots, respectively. 
The seeds were soaked for 10 hours and allowed to surface dry just 
prior to planting in a mixture of equal parts of soil and sand on a green-
house bench. Each ,treatment was represented by a row of 50 spaced 
seeds. Emergence was recorded at 2-day intervals, and height was 
recorded after emergence was complete. 
In the first field experiment, GA was used as a seed treatment on 
R.S. 610 hybrid. The following treatments in all possible combinations 
were used: 
1. GA concentration: 0 (distilled water, 10, 100 ppm and a dry 
check; 
2. Planting depths, 1, 2, and 3 inches. 
The field plantings were made on May 31, 1958, using a randomized block 
design with four replicates. The area selected was a uniform Webster 
silt loam of high fertility and organic matter. Moisture was excellent .at 
seeding and continued to be favorable throughout the season. 
Each treatment was applied to 80 seeds hand-spaced in a 12-foot row 
spaced 40 inches from adjacent rows. The proper depths of planting 
were obtained by a specially designed furrow opener. Seeds were soaked 
for 10 hours and surface dried just prior to planting. Weeds were con-
trolled with mechanical cultivators and pulled by hand from the rows. 
Emergence was recorded daily, and plant height was measured on a row 
segment of 20 plants at 5-day intervals during the first month and less 
frequently thereafter. 
The second field experiment employed GA as a foliar spray on young 
plants of R. S. 610 variety. Experimental conditions and procedures were 
similar to those previously described. Spray treatments were initiated 
when the plants had reached a height of about 12 inches. Treatments 
were as follows: A single application of 0, 100 and 200 ppm and repeated 
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application using 100 ppm as an initial spray followed by 5 additional 
weekly applications with a ZO ppm solution of GA. All solutions contained 
a liquid detergent, and the entire plant surface was completely covered. 
Drifting of the spray was prevented by the use of a canvas shield. Height 
measurements were recorded weekly on a row segment of 20 plants. 
RESULTS 
Greenhouse
The effect of GA, as a seed soak, on emergence of R. S. 610 hybrid 
sorghum from the various depths of seeding can be seen in Figure 1. 
Figure 1. The effect of planting depth and GA as a seed treatment on 
seedling emergence of R. S. 610 grain sorghum in the green-
house. 
Emergence data were not recorded on the Reliance variety due to weak 
germination with all treatments. The magnitude of response to GA in-
creased with increasing depth of seeding up to 6 inches which resulted 
in significant GA x depth interaction. At the end of 8 and 10 days, erl~er-
gence from GA treated seeds of R. S. 610 was greater than the checks by 
a highly significant amount with all seedings deeper than Z inches. At 
10 days, 30% of the GA treated seeds had emerged from 6 inches as con-
trasted to no emergence from the check seed at this depth. After 18 
days no significant difference in emergence existed between the treated 
and untreated plants at planting depths of 4 inches or less, but emergence 
of treated seed from 6 inches was almost 5-fold greater than the un-
treated. The poor emergence of the untreated seed from this depth may 
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have resulted from seedling diseases and eventual starvation of the seed-
lings. This condition may have been less pronounced with the rapidly 
growing sprouts of the GA treated seed. 
From Table 1, it can be seen that GA increased plant height by 2. 5 to 
4.0 inches during the experimental period, irrespective of seedling depth. 
Table 1. Comparison of seedling height from GA treated and control 
seeds of R. S. 610 grain sorghum planted at various depths. 
Seeding depth 
(inches 
Plant Height (inches 
Control GA Difference 
1 9. 0 12.5 3. 5 
2 8.5 12.5 4.0 
3 8.0 10.5 2.5 
4 8.0 12.0 4.0 
5 7.0 9.5 2.5 
6 5.0 9.0 4.0 
Field 
Emergence of sorghum seedlings under field conditions at 5 days from 
the date of seeding was increased significantly by GA (Figure 2~. At the 
end of 6 days, GA resulted in significant increase in emergence from a 
depth of 3 inches only, which caused a significant GA x depth interaction 
effect. At 7 days and thereafter no significant increase in emergence 
was obtained from GA at any depth, although emergence from 3 inches 
with GA treated seed was still greater than the check and approached 
significance. Total eme rgence, as measured at 20 days, was signifi-
cantly less with 100 ppm than from the check and 10 ppm at all depths of 
planting . 
The effect of GA on plant height was likewise short-lived, as can be 
seen from Figure 3. Gibberellic acid increased height initially, but after 
20 days no significant differences were obtained. Increasing seedling 
depth decreased the height of plants, the effect lasting longer than the 
GA effect. No significant interactions were obtained. 
Table 2 presents the effect of GA and depth of seeding on a number of 
characters at harvest. Neither GA nor seeding depth had any significant 
effect on lodgings, number of heads per row, seed yield or maturity. 
Since the effect of GA was short-lived where applied as a seed treat-
ment, the second field experiment was designed to apply single and re-
peated dosages as foliar spray, the results of which are shown in Table 3. 
No treatment with GA, a single dosage of 100 to 200 ppm or repeated 
applications to deliver the equivalent of 200 ppm, had any observable 
effect on plant height, lodging, maturity or seed yields. 
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Figure 2. The effect of planting depth and GA as a seed treatment on 
emergence of R.S. 610 grain sorghum in the field. 
Table 3. The effect of planting depth and GA as a seed treatment on a 





























19.1 79.5 16.5 137. 1 
6.9 79.5 13.9 129.1 
17.5 78.3 17.1 135.3 
14.5 79.1 15.8 133,8 
14.3 80.5 16 , 6 1 35. 3 
20.1 82.0 16.6 138.5 
11 , 6 77.8 16, 3 126. 9 
15.3 80.1 16.5 133.5 
9. 8 76.5 16.2 136.5 
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11.5 78.3 16.1 139.6 
11.9 77.2 16.2 134.9 
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Figure 3. The effect of GA as a seed treatment on seedling height of 
R. S. 610 grain sorghum in the field. 
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DISCUSSION 
Although the sorghums used in these experiments were dwarf types, 
they were completely nonresponsive to GA, except in the early seedling 
stages. Other dwarfs in corn reportedly did not respond to GA (4), and 
the dwarfing mechanism in sorghum may be similar to the nonresponsive 
dwarfs in corn. The fact that GA increased the early seedling emergence 
and height only would suggest that the mesocotyl and perhaps the first 
and second internodes were affected. Individual internodes were not 
examined to determine the loci of response, but such an investigation 
likely would have been enlightening and warrants further investigation. 
No response to GA was obtained by using it as a foliar spray on young 
plants. This may result from the fact that after emergence the meso-
cotyl, which seems to be the responsive region of the plant, is no longer 
active. The use of a detergent and warm water would seem to preclude 
insufficient coverage of GA on the leaves. Naturally occurring GA-like 
substances, which may have been present in sufficient quantities after 
the seedling stage, could possibly explain the lack of response to the 
foliar sprays. 
Since untreated seedlings emerging from depths up to 4 inches soon 
caught up with the GA treated seedlings, there would appear to be little 
practical use of GA to improve sorghum emergence from deeper planting 
depths. Likewise, the early increase in height does not appear to offer 
sufficient advantage to allow the smothering of weeds with soil during 
early cultivations or to offer appreciable increase in the competitive 
advantage of the sorghum seedlings . 
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SPHERICALLY SYMMETRIC CHARGE DISTRIBUTIONS)
B.C. Carlson 
Institute for Atomic Research and Department of Physics 
Iowa State University, Ames, Iowa 
SUMMARY. The classical electrostatic self -energy of a 
spherically symmetric charge distribution is written 
as the integral of an energy density that differs from 
the usual squared electric field strength. This density 
vanishes in empty space surrounding the charge dis-
tribution. It is sometimes a convenient choice for 
integration, as is shown by two examples of interest 
in nuclear physics: the harmonic -well distribution and 
the distribution with Fermi shape. The self -energy of 
the Fermi distribution is given to good accuracy by a 
polynomial of fifth degree in the skin thickness. The 
form of the energy density is generalized to be valid 
for distributions not having spherical symmetry. 
I . INTRODUCTION 
Ina spherically symmetric charge distribution the electric field at 
radius r is produced only by the charges inside a sphere of that radius, 
and the magnitude of the field is 1/r times the potential of these .charges 
alone. The total potential is ~(r) _ ~'(r) +~"(r), where ~'(r) = rE(r) is 
the potential due to these inner charges and ~"(r) is the potential due to 
the charges outside the sphere. The electrostatic self -energy of the dis-
tribution can be written as the integral over all space of a nonnegative 
energy density, usually taken to be (in rationalized mks units) (E o~2) E2
This expression for energy density is not unique, for the spatial 
location of the energy has no physical significance. We shall show in 
Sec. II that another choice of energy density is (e o~2)(~"~r)2, a function 
that vanishes outside a sphere enclosing all the charges. This function 
is sometimes particularly easy to integrate; as a simple example the 
classical self -energy is calculated in Sec. III for a harmonic-well dis-
tribution, which is often used to represent the charge of a very light 
nucleus. A less trivial integration is carried out in Sec. IV to find the 
self -energy of a Fermi distribution, frequently used for medium and 
i Work was performed in the Ames Laboratory of the U. S. Atomic 
Energy Commission. 
320 B . C . CARLSON 
heavy nuclei. Amore general form of the second choice of energy den-
sity, valid for distributions that are not spherically symmetric, is given 
in Sec. V. 
II. POTENTIAL AND SELF -ENERGY OF A SPHERICALLY 
SYMMETRIC DISTRIBUTION 
In this section we derive expressions for the potential, self -energy, 
and energy density in terms of ~"(r), henceforth called T(r) and defined 
mathematically in Eq. (2.2a). The results are given by Eqs. (2.3a), 
2. 5a) and (2.6a). It is instructive to carry along in parallel the deriva-
tion of familiar expressions for the same quantities in terms of the elec-
tric field E(r). The two sets of equations will be distinguished by letters 
following the equation numbers. 
Two equivalent forms of Poisson's equation for a spherically sym-





r~ - - p~s o , 
12 d r2 d~ 
_ -p~so . 
r dr dr 
(2. la) 
(2. 1b) 
The first integrals of these equations define the quantities t and E: 
T(r) = 
dr 
(r~) = e 
0 
x 
p(r') r'dr' , 
r 
r 








We have used the boundary conditions that r vanishes at large distances 
and that E vanishes at the origin. The quantity T(r), previously denoted 
by ~"(r), is the potential at r due to charges outside a sphere of radius 
r: the potential due to these charges has the same value at the surface 
of the sphere that it has at the origin, where the contribution from a 
shell of radius r' > r is clearly 
p(r') r' 2 dr'~s or' 
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r 
(2. 3b) 
Alternatively, by combining Eqs. (2. 2), we obtain the expected relation 
~ _~ (r~) - 
d~ 
r dr (2. 3c) 
In the limit of large r, Eq. (2. 3a) shows that the total charge is related 
to T by the equation 
x 
Q = 4ne o C T(r) dr ; 
0 
integration by parts converts this to the usual integral for Q. 
The electrostatic self -energy of the distribution is 
U= Z J P~ dr=Zn W p~ r 2dr . 
0 
(2.4) 
We replace p by the left sides of Eqs. (2. 1) and integrate by parts: 







(r~) dr = 2~E 
o 
C 72 dr , 
0 
(2. 5a) 
U = -2nso f ~ ~ (r 2 ~a ) dr = 2ne o r (rE)2dr 
(2.5b) 
0 0 
Eq. (2. 5b) states the familiar result that (E o~2)EZ may be regarded as 
a density of electrostatic energy; Eq. (2. 5a) shows that a second non-
negative quantity, (e o~2)(-r~r)2, may also be regarded as an energy den -
sity when spherical symmetry is present. (The general case, without 
spherical symmetry, is discussed in Sec. V.) The contrast between 
these two energy densities illustrates the point, emphasized by Mason 
and Weaver (1), that the spatial distribution of electromagnetic energy 
has no physical significance. As an example we consider a uniform dis-
tribution filling the interior of a sphere. According to the conventional 
choice, the energy density decreases as r -4 outside the sphere, and only 
one-sixth of the total energy is located inside the sphere. On the other 
hand, since t vanishes outside the limits of a charge distribution that is 
confined to a bounded region of space, the density (E o~2)(r~r)2 assigns 
all the energy to the regions occupied by charge. 
Two more expressions for the total energy, no longer having inte-
grands with a definite sign, are obtained by integrating Eqs. (2. 5) by 
parts: 
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U = -2ns 
0 









('r2) dr = 4n r 
0
1 d 
(r2E)2 r dr 
7 p r2dr 




The equivalence of expressions (2. 6a) and (2. 6b) can be seen directly: 
if they are written as double integrals by using the integral definitions of 
-r and E, they differ from each other only in the order of integration. A 
common expression for U, usually obtained by substituting Eq. (2.3c) in 
Eq. (2.4), is half the sum of Eqs. (2. 6a) and (2.6b). 
The integral in Eq. (2. 6b) is readily understood as the work done in 
assembling the charge distribution by adding spherical shells of pro-
gressively larger radius: 4npr2 dr is the charge contained in a shell, 
rE is the potential at radius r due to the previously assembled shells of 
lesser radius, and their product is the increment of work. Equation 
(2. 6a) has an exactly similar interpretation, in which one assembles 
shells of progressively smaller radius. 
III. THE HARMONIC-WELL DISTRIBUTION 
The use of Eq. (2. 5a) or (2. 6a) instead of Eq. (2. 5b) or (2. 6b) some-
times shortens the calculation of the self -energy. A Gaussian distribu-
tion of charge furnishes an example; so also does a "harmonic-well dis-
tribution," which includes a Gaussian distribution as a special case. The 
charge density is 
2 




and the total charge is 
(3.1) 
(3. 2) 
Eq. (3. 1) is a useful approximation for the charge distribution in very 
light nuclei (A < 16) having spherical symmetry, the parameter (3 being 
one-third the number of protons in the p-shell of a harmonic oscillator 
potential (2). 




l 2 LY (2 ~) +RY(~ , ~)] , 
2eo 
r a a 
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where the incomplete gamma function is 
x 
Y~s,x) = r is -1 e -t dt . 
0 
The quantity -r happens to be simpler in this case: 
2 
P a 2 2 2 
7(r) _  ° (1 + R + R r,$) a





(On the other hand, E would be simpler if the charge density were a 
Gaussian multiplied by a polynomial of odd degree in r.) By substituting 









The central density, po, can be eliminated by using Eq. (3. 2) to form 
the ratio U~QZ , which depends only on the shape of the distribution. 
IV. THE FERMI DISTRIBUTION 
Several recent studies of nuclear Coulomb energies (3, 4, 5, 6) have 
included the effects of a diffuse nuclear surface by assuming a trape-
zoidal distribution of charge. (The density of a trapezoidal distribution 
is constant in an interior region and then decreases to zero as a linear 
function of radius in a surface region; although the density is a continuous 
function, its slope is discontinuous.) A similar but more realistic charge 
distribution, having no discontinuities in its derivatives, is the Fermi 
model, which has been used in analyzing much of the electron scattering 
data. Although the calculation of self -energy for a Fermi distribution 
involves some integrals that are not elementary, we shall find in this 
section that the final result has a simple form. Like the self -energy of 
a trapezoidal distribution it is given, to high accuracy, by a polynomial 
of fifth degree in the thickness of the surface region. Only the classical 
part of the Coulomb energy is being considered here; the Coulomb energy 
of a physical nucleus includes quantum-mechanical corrections for ex-
change and other correlation effects. 
The density in the Fermi model is represented by a Fermi function: 
P[r} = po [ 1 + e (r-a)~b ~- 1 (4. 1) 
As the parameter b approaches zero, the density approaches a uniform 
distribution with radius a. The density is 90% of po at a radius of a - b 
1n9, 50% at a, and 10% at a + b 1n9. The distance between the 90% and 
10%points, often called the skin thickness, is 2b ln9 = 4.39 b. Hofstadter 
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and collaborators have determined the skin thickness and the radius a of 
nuclear charge distributions by measuring the nuclear scattering of high-
energy electrons (2): 
I 
a = (1 . 07 f 0.02) A3 X 10-13 cm, 
4. 39 b = (2.4 f 0. 3) X 10 -13 cm. 
i 
We observe that a~b is approximately 2A 3 ; even for a nucleus as light as 
Ca40 its value is 6. 8 and the value of exp(-a~b) is 0.001. These numbers 
will guide us in making approximations; also, they show that the central 
density is nearly po . 
The total charge is 
Q = 4~rpo r [ 1 + e(r-a)~b ]- 1 r 2dr . 
0 
Taking (r-a)~b as a new variable, we obtain 




i s-1 dt 
fs(x) = J
x et + 1 
(4.4) 
The function f s, differing from a Debye function only by the sign in the 
denominator, is a species of incomplete Riemann zeta function: 
fs(0) _ (s - 1) (1 - 
21-s) 
S (s) , 




The numbers f s(-x) and f s(x) are related by 
fs (-x) _ [1 + (-1)s J fs 
(0) + (-1)s+1 
[xs~s + fs (x)I (4. 7) 
To prove this, one separates that part of the integral for f s (-x) that 
extends from -x to 0, changes the sign of the integration variable, and 
uses the identity 
(e
-x + 1) -1 = 1 - (ex + 1)-1 
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Eq. (4. 7) shows that Q can be written in terms of f s(~), where ~ is 
positive and large compared to unity. For positive x, the denominator 
of Eq. (4.4) can be expanded in powers of exp(-t). Integrating term by 
term, we obtain f s(x) as a series of incomplete gamma functions: 
s-1 00 
( _ 1) n+1 
_nx 
f s (x) = x E  
n 
e 2 F 0 (1-s, 1, -1/nx) (4. 8) 
n=1 
2 F 0(a, [3, z) = 1 + a[iz + a(a + 1) [3 ((i + 1) z2/ 2 ! + (4.9) 
The latter series terminates when a is a negative integer; because we 
deal with positive integral s, the 2F 0 series in Eq. (4. 8) is a polynomial 
in 1 /x. 
Recalling that exp(-~) N 0<001, we shall henceforth drop all terms of 
order exp(-2~); for example, 
fs(~) 
_'e -~ ~s-1 2F.0 (1-s, 1, -1/~) 
_~ s-1 ~r 
r=p r. (4.10) 
Even the terms of order exp(-7l) are unimportant, but will be retained to 
permit an accurate estimate of the error made by discarding them. With 
this approximationwe find from Eqs. (4. 2) and (4. 7) that the total charge 
is 
Q = 4n poa3 [ 
3 
+ 2~-2 ~(2) + 2~-3 e
-~ ~ 
3 
41f3oa [ 1 + (ab)2 
+ 6(b)3 e-a/b} . 
a 
(4.11) 
An entirely similar calculation shows that the mean square radius of 
the distribution is 








[ 1 + 10 ( nb) 2 + 7 (nb)4 + 120 (b)5 
e-a/b 
5Q ~a ~ a a 
= 3a2 [ 1 + ~ (fib ) 2 _ 6 
b 3 -a/b 
5 3 a (a) e 
(4.12) 
In the last line, terms of order (b /a )5 exp(-a/b) have been dropped. 
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In calculating the self -energy, we find that the quantity 
b 
T(r) = P° [ a f l  (~) + b f 2 (r b 
a ) ] 
0 
is simpler than E(r), which involves also f ; . Substitution in Eq. (2. 5a) 
and change of integration variable lead to 
2~rp 2a2b3 
oc 





-  (K11 + 2~-1 





Krs = J f r (x) fs (x)dx. 
- ~ (4.14) 
We shall calculate Kll and give only the results of applying the same 
method to Kl y and K22. The first step is to write 
K11 = J11 + [ fl( -x) ]2 dx 
(4.15 
0 
where the number 
Jrs f f r (x) fs (x) dx 
is independent of ~. Substituting 
from Eq. (4. 7), we obtain 
(4.16) 
~ ~ 
K11 = J11 
+ ~3~3 + 2 r x f l  (x) dx + ~ [f l  (x) ]2 dx . (4.17) 
0 0 
The last term is equal to 
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this reduces to J ll by Eq. (4.10) because we neglect terms of order 
exp(-2~). (Similarly K22 contains J 22 twice, but K1Z contains J12 twice 
with opposite signs.) The remaining integral in Eq. (4.17) is a special 
case of 
A 
(m + 1) C x~' f s(x)dx = f s+m+l (0) - fs+m+l (~`) + 
~ +lfs(~) (4.18) 
0 









Again dropping terms of order exp(-2~) by use of Eq. (4.10), we have 
K11 = 3 A3 + 2J11 + 
2 
~ (3) - 2e - ~ (~+ 1) . 
The results for K12 and KZZ are 
K12 = -8 ~4 + 2 ~ ( 2) ~2 + 2 [ ~( 2) j2 - 2 ~(4) 
K22 = 
~5~20 - 3 
~(2)~3 + [ ~(2) j2 ~. + 2J22 
+12 




Substitution of these expressions in Eq. (4.13) shows that U is a poly-









15 n=2 n 
B3 = 2J11 + 
2 ~( 3
), B5 = 2J22 + 
21  
~(5) - 3~( 2)~( 3). 
(4.23) 
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The zeta function is tabulated (7~; we have converted J ll to the integral 
shown below, which can be evaluated analytically although we have not 
found it in tables of definite integrals; and we have converted J 22 to an 
infinite series and summed it numerically: 
~( 2) _ ,~2~6, ~(4) _ ~4~90, 
~(3) _ ~r 3~25. 794, ~(5) = n5~295. 12, 
J11 - 
1 




J22 - 12 
ri  
1 
(-1)n+1 ~ 1 + 4 ~ 
(-1)n+1 ~ 
(n+1)4 
m=1 m n=1 
(n+1)3 m=1 m2
=0.587+0.371 =0.958. 
The self -energy of a Fermi distribution is therefore 
1 
(4.24) 
4~r po2a5 5 
U =  [ 1 + E An (a ) n + 15(a )3 e
-a~b P( b ) +  
15eo n=2 a 
A2 = 5~6 
A4 = - 1~6 
A3 = 0. 5815 
A5 = 0. 0922 
P(b~a) = 1 - 0.71 (b~a)2
The terms omitted from Eq. (4. 24) are of order exp(-2 a~b). 
For a~b = 6. 8 the term in. b5 is 0.002 times the leading term, whereas 
the exponential term is 5 X 10-5 times the leading term. Hence the poly-
nomial by itself is an excellent approximation in the interesting range of 
parameters. The same remark applies to the total charge in Eq. (4.11 
and to the mean square radius in Eq. (4.12). The ratio QZ~U obtained 
from Eqs. (4.11) and (4.24) agrees with the value given to terms of order 
b2 by Moszkowski (8). 
Equation (4.24 bears a close resemblance to the self -energy of a 
trapezoidal distribution, which is also a polynomial of fifth degree (4). 
SPHERICAL CHARGE DISTRIBUTIONS 3~9 
V. ENERGY DENSITY OF A GENERAL DISTRIBUTION 
It is natural to ask whether the energy density (eo~2)(T~r)Z can be 
generalized to distributions not having spherical symmetry. A simple 
extension of 
T 
dr (r~) - ~ - 
rE 
i s the vector 
(5. 1) 
r, r 
When spherical symmetry is present, T is in the radial direction and ... 
has magnitude T. 
With no assumption of symmetry we have 
2 
2 ~ r 







By use of the divergence theorem it follows that (e o~Z)(T~r)Z is an energy 
,. 
density in the general case: 
U = 2 ~ dr E2 = 2° 
J  
dr̀  (T~r)2w (5. 2) 
Unlike E, the vector N depends on the choice of origin and is somewhat 
artificial unless a natural origin is present because of symmetry. 
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WATER YIELD PREDICTION IN SOU THERN IOWA 
BASED ON WATERSHED CHARACTERISTICSI
Paul R. NixonZ and Glenn O. Schwab; 
SUMMARY. A simple, rational approach for estimating 
the water yield of a watershed was developed. The 
watershed 'rating obtained by this method is dependent 
upon measurement and observation of five physical 
characteristics (climate, soil, land slope, land use, 
and management and conservation practices. Factors 
used in determining watershed rating were assigned to 
these physical characteristics (for southern Iowa con-
ditions on the basis of experimental data and general 
observations. :.The necessity of restricting a given set 
of factors to a single physiographic region is recog-
nized. A comparison was made, for each of five Iowa 
watersheds, of water yield estimated from physical 
characteristics with the measured yield. The esti -
mated median yield from watersheds 525-9, 850 acres 
was within about 12 per cent of the measured median 
yield. This close agreement is an indication of the 
usefulness of the method as a means of predicting yield 
from small ungauged watersheds. 
Introduction 
Impounded surface runoff for city water supplies and for livestock, 
domestic, and irrigation needs on farms is becoming increasingly im-
portant in southern Iowa. The inability to develop suitable wells in much 
of the upland area points to the need for water yield (volume of runoff 
estimates for the design of storage reservoirs. A generalized picture of 
water yield from large watersheds is available in the form of published 
stream flow records. The apparent large yield differences from water-
sheds in the same locality created the stimulus for this study of the 
factors that govern water yield. 
Investigation 
Procedure
The first phase of the investigation included the examination of avail -
1 Journal Paper No. J-3966 of the Iowa Agricultural and Home Economics 
Experiment Station, Ames, Iowa. Project No. 1247. 
t Project leader, ARS-USDA, Lompoc, California, formerly Research 
Associate . 
s Professor, Agricultural Engineering, Ohio State University, Columbus, 
Ohio, formerly Professor of Agricultural Engineering. 
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able data from Iowa andadjoining states, pertaining to the effect of physi-
cal watershed characteristics on water yield. (The term yield, as used 
in this paper, denotes long term total volume of runoff per unit area. 
On the basis of these records, factors were developed for climate, land 
use, slope, soil, and management and conservation practices. These 
were considered the most important physical characteristics affecting 
water yield from small watersheds in southern Iowa. A method was 
developed for combining these factors to form a watershed rating from 
which the relative yield of the watershed can be computed. 
The second phase involved the investigation of five Iowa watersheds, 
varying from 5Z5 to 9, 850 acres in size, for which reliable estimates of 
yield could be made from existing stream flow or other records. Land 
use, slope, soil, and management and conservation practices on these 
watersheds were determined in considerable detail in the field. Each of 
these characteristics were divided into several subclasses and the per-
centage of the watershed area in each subclass was determined. A factor 
(weighted average of the subclasses was computed for each physical 
characteristic of the watershed. The yield rating of each watershed was 
determined by the product of the weighted averages times the climatic 
factor (as determined by geographic location. 
As a third phase, stream flow data or runoff volume estimated from 
reservoir records was analyzed for the five watersheds mentioned 
above. Finally, the yields as estimated by the watershed rating method 
were compared with measured yield. 
Physical watershed characteristics 
The physical characteristics that control yield were presumed to be: 
climate (geographical location, land use, land slope, soil, and manage-
ment and conservation practices. The effect on yield of each physical 
characteristic was assumed to be independent of the others. Watersheds 
were rated according to their ability to produce water yield by determin-
ing the product of the factors assigned to each watershed characteristic. 
The following rational equation expresses this relationship: 
Y= C L S K M 
where Y = rating of watershed according to its relative ability to 
produce water yield, 
C = climatic factor, 
L = land use factor, 
S = steepness of slope factor, 
K = soil factor, and 
M = land management and conservation practices factor. 
In the application of the above equation to southern Iowa watersheds, 
factors for each physical characteristic were chosen with respect to an 
index watershed whose factor for each characteristic is 1.0. Thus, the 
watershed rating of the index watershed is 1.0 (product of the factors 
assigned to the characteristics. Physical characteristics which tended 
to produce .yields less than that of the index watershed were assigned to 
factors less than 1.0, similarly high yielding conditions were assigned 
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factors greater than 1.0. The median annual yield of the index. water-
shed is 5.80 inches. The median annual yield of any other watershed 
may be determined by multiplying its rating by 5.80 inches. 
An attempt was made to assign to each characteris~ic, a numerical 
factor which directly reflected the effect of that condition on the water 
yield. Inasmuch as some characteristics appear to have a greater effect 
on water yield than others, the range of values reflect the importance of 
the factor. 
Climate. The effect of climate on water yield in the Midwest was 
determined from published precipitation, evaporation, and water yield 
maps (U.S. Department of Agriculture, 1941; Horton, 1943; Brune, 1948; 
Langbein e_t al., 1949). A comparison of the data suggested that the mean 
water yield at a given location in the Midwest can be predicted from the 
mean annual precipitation and mean annual evaporation. However, for a 
particular watershed unusual features of topography, geology, soil, and 
land use may result in large deviations from the expected yield. 
The precipitation-evaporation-yield pattern of southern Iowa fits into 
the general pattern of the Midwest. Figure 1 shows the general pattern 
of distribution of mean annual precipitation and mean annual pan evapora-
tionin southernlowa. Within each segment formed by "equal depth lines," 
the estimated mean annual yield was noted. The estimated yield was 
based upon stream flow records (Iowa Geological Survey, 19`53). 
Figure 1. Generalized pattern of mean annual precipitation and mean 
annual pan evaporation in southern Iowa. 
A climatic factor map (Figure 2) was prepared from the information 
shown in Figure 1. This was done by arbitrarily assuming the index 
watershed, where climatic factor is 1. 0, is located in south-central Iowa. 
As illustrated by Figure Z, the climatic factor decreases to the west and 
increases to the east from this central location'. 
Rather than showing the climatic factors of Figure 2 in direct relation 
to the mean annual yields of Figure 1, the climatic factors were reduced 
by 10% toward the east and increased by 10% toward the west. This was 
done in an attempt to more closely represent the influence of climate 
alone by discounting the effect of soil changes on water yield. Riecken 
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Figure 2. Climatic factor map for southern Iowa. 
and Smith (1949) show a tendency for decreased infiltration and per-
meability from west to east in southern Iowa. The 10% correction was 
selected on the basis of soil factors to be discussed later. Neither top-
ography nor land use show much change across southern Iowa (Riecken 
and Smith, 1949; Iowa State Department of Agriculture, 1952). 
Land use. Land use factors were based on data collected by Browning 
et al. (1948) and Smith et a_l. (1945). Because the data were collected 
from small erosion and runoff plots and from very small watersheds, 
the quantitative results serve only as an indication of the effect of land 
use on water yield from larger areas. Figure 3 shows the effect of land 
use on total runoff for a period of ten years at the Clarinda, Iowa, and at 
the Bethany, Missouri, conservation experiment stations . The land use 
classifications, shown in bold print with corresponding factors will be 
referred to later in computing the weighted land use factor. 
Slope. In this study the effect of land slope upon water yield is based 
largely on experimental plot data reported by Hays, McCall, and Bell 
(1949) and Hays (1955). Because information on the effect of land slope 
is very limited, the data provides only a rough approximation. The site 
conditions at La Crosse, Wisconsin, where the data were collected, are 
unlike southern Iowa with respect to climate and geology. 
A slope factor curve used for predicting water yield in southern Iowa 
is shown in Figure 4. This curve is a logarithmic function of slope. A 
plot of the La Crosse data is shown for comparison. The factors for 
slopes below about 8%were reduced because of the increasing importance 
of surface storage on flat slopes and the probability of higher infiltration 
rates on slopes below 2% (Duley and Kelley, 1939). This gain in soil 
moisture on flat slopes may result in increased evapo-transpiration 
rather than increase in ground water flow. 
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Table 1 . Estimated effect of soil on water yield. 
Estimated Relative Typical 
infiltration permea- depth 
rate bility of topsoil Internal Soil 
Soil (in. ~hr.) subsoil (ft.) aeration factor 
Judson-Wabash 0. 8-1. 3 (variable - colluvial and alluvial soil) 0. 6 
Fayette 0.5-1.0 moderate 0.7 good 0.7 
Sharpsburg 0.4-0.6 slow-moderate 1.1 fair 0.8 
Winterset 0. 3-0. 5 slow-moderate 1. 3 poor 0, 8 
Haig 0. 3-0. 5 very slow-slow 1. 3 poor-fair 1, 0 
Grundy 0.2-0.4 very slow-slow 1.0 poor-fair 1.1 
Shelby 0.2-0.4 very slow-slow 0.7 fair -good 1.1 
Lindley 0.2-0.4 very slow 0.7 poor-good 1.2 
Weller 0.2-0.4 very slow 0.8 poor -fair 1.3 
Seymour 0, 2-0.4 very slow 1 . 2 poor-fair 1. 3 
Edina 0.2-0.3 very slow 1.2 poor 1.4 
Soil. The effect of different soil conditions upon water yield must, in 
the absence of controlled fieldobservations be approximated from physi-
cal measurements of the soil. The factors selected for some southern 
Iowa soils, as shown in Table 1, were-based on infiltration rate, subsoil 
permeability, depth of topsoil, and internal aeration. Textural classifi-
cation of these soils falls into one or more of the following classifications: 
loam, silt loam and silty clay loam. No correlation is apparent between 
the factor assigned and either soil texture or the soil parent material. 
Management and conservation practices. Conservation practices, 
such as contouring, strip cropping, and terracing have an appreciable 
effect on total runoff from small plots (Browning e_t al., 1948; Hays, 
McCall, and Be11, 1949; and Smith et a_l., 1945). However, little ex-
perimental data are available regarding the effect on water yield from 
watersheds of such complex and interdependent land conditions as erosion 
history, cropping history, erosion control, cultural operations, and level 
of soil fertility. Management -conservation factors were picked for the 
five watersheds studied, by judgment based upon a knowledge of the 
watersheds. Table 2 shows the values chosen and the conditions influ-
encing selection. 
Watershed rating 
Five watersheds under 9,'850 acres were selected for making a com-
parison of measured water yield with yield estimated by watershedchar-
acteristics. These were Ralston Creek and the watersheds which serve 
the Albia, Centerville, Creston, and Greenfield municipal reservoirs 
(see Fig. 2). The first step in developing the watershed yield rating was 
to determine, by field investigation, the proportion of the watershed 
occurring in the various subclasses of land use, slope, soil, andmanage-
ment and conservation. A weighted average was then determined for 
each characteristic. Table 3 illustrates the method by the use of the 
data for the Centerville watershed. The same procedure was followed 
for each of the other watersheds. 
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Table 2. Land management and conservation effect on water yield. 
Soil 
Conservation produc- Pasture Weighted 
Watershed practices tiveness management factor 
Albia average average moderately 1.00 
grazed 
Centerville average high lightly grazed .80 
Creston average high lightly grazed .80 
Greenfield below average low heavily grazed 1.20 
Ralston Creek below average average heavily grazed 1.10 
Table 3. Factors assigned to Centerville watershed. 
Proportion of 
watershed Factor Product 
LAND USE 
Cultivated 0.56 1.25 0.70 
Pasture . 28 . 75 . 21 
Brush and timber .04 .50 .02 
Other .12 1.60 .19 
Weighted average 1.12 
SLOPE (%~ 
0 - 1.9 0.17 .49 0.08 
2 - 4.9 .26 .75 .20 
5 - 9.9 .44 .93 .41 
10 - 19.9 .13 1.11 .14 
Weighted average .83 
SOIL TYPE 
Shelby 0.13 1.10 0.14 
Seymour . 70 1.30 . 91 
Edina . 1 ? 1 .40 . 24 
Weighted average 1.29 
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The management and conservation factor for each watershed was 
assigned primarily on the basis of information reported in Table 2. The 
climate factors were obtained from Figure 2. As shown in Table 4, the 
watershed rating is the product of the factors (weighted averages) as-
signed to the characteristics. 




use Slope Soil 
Management 
conservation Rating 
Albia 1.08 1.13 0.89 1.10 1.00 1.19 
G e me rvi lle 1.05 1.12 0.83 1..29 0.80 1.01 
Creston 0.84 1.15 0.81 0.85 0.80 0.53 
Greenfield 0.83 0.88 1.02 0.96 1.20 0.86 
Ralston Creek 1.35 1.02 0.97 0.70 1.10 1.03 
Gauge-reservoir records 
An estimate of the median annual yield from Ralston Creek (the only 
gauged Iowa watershed under 15, 000 acres in size having more than 5 
years of record) was made by an examination of 28 years of stream gauge 
record (State University of Iowa, 1924-1952). The four reservoir water-
sheds studied were the only known ones in Iowa available with adequate 
records maintained for more than 5 years. For these, a monthly water 
balance was made using water consumption from the reservoir, precipi-
tation, and storage records. Monthly evaporation from the reservoir 
was estimated from stage information and records of the three closest 
Weather Bureau Class A evaporation stations. Allowance was made for 
estimated seepage and accelerated fringe transpiration around the water 
surface. Yield estimates were limited to months in which no spillway 
discharge occurred as accurate spillway discharge records were not 
available. All told, about 70%of the re cords from the selected water sheds 
were usable. An estimate of median annual yield for each reservoir 
water shed was made after a study of monthly precipitation-yield relation-
ships and the effect of prior month's precipitation on current month's 
yield. 
Comparison of Estimated with Measured Water Yield 
The median annual yields for a hypothetical common period, based 
upon measured runoff, are shown by line (A) of Table 5. The second 
line (B) shows the median annual yields estimated from watershed ratings 
assigned on the basis of watershed characteristics. These median yields 
were estimated by multiplying the watershed rating by the index median 
yield of 5.80 inches per year. 
Application. An impounding reservoir should be designed to meet a 
specified water demand for a given recurrence interval. Figure 5 shows 
the estimated water yield from the index watershed for various recur-
rence intervals. The yield from any other watershed may be assumed 
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(686 (2, 550 (9, 850 (525 (1, 930 
Method acres) acres) acres) acres) acres) 
Gauge -Reservoir (A) 7.84 5.34 3, 08 4, 51 6.72 
Rating (B) 6.90 5.86 3.08 4.99 5.98 
Ratio B~A .88 1.10 1,00 1.10 .89 
to be equal to the index watershed yield times the watershed rating. In 
addition to the single year yield, cumulative minimum yields for periods 
of two, three, and four consecutive years are shown. This figure is 
based upon published stream gauge records (especially those for Ralston 
Creek and the Chariton River). 
Figure 5 shows that for large recurrence intervals, the two-year 
yield is always more than double the single year yield. Advantage can 
be taken of this fact by designing reservoirs with capacity to carry over 
stored water into a dry year. Although this method of water yield pre-
diction gave favorable results in comparison to the median yield, it may 
not be reliable at higher recurrence intervals. Additional runoff data are 
needed to make reliable comparisons at the high recurrence intervals. 
Allowance for sedimentation must be made in the design of impounding 
reservoirs. Sediment production from southern Iowa watersheds (100 to 
10, 000 acres in size) can roughly be expressed by the equation: 
S = 1.4 A
-•2x 
where S = sediment production (ac-ft~100 ac~yr) 
A = watershed area (acres). 
Sediment production at individual sites is commonly within the range 
-50% to +80% of the predicted amount. Differences of land use, topog-
raphy, soil, and management-conservation practices account for the 
great differences in sediment production rates from site to site. 
Discussion 
An examination of Table 5 shows that the estimated yield is not far 
different from the measured yield (compensating errors may partly 
account for this). Lack of agreement may be attributed to erroneous 
theory regarding the behavior of the phenomena that govern yield, incor= 
rect assignment of values to rating factors, insufficient data and errors 
in measured yield. 






























Teo Y 4R y ~ 










41A1 I I 12 1.4 1.6 2 3 4 5 b 20 30 4050 
RECURRENCE INTERVAL (YEARS) 
Figure 5. Water yield from the index watershed. 
100 
The assumption made in this paper that the influence of one charac-
teristic on water yield is independent of other characteristics is not 
necessarily valid. While the method may provide a useful tool, it must 
be recognized as an approximation. Only five characteristics were 
considered in estimating the yield; geology and watershed size are out-
standing examples of other characteristics that are important, especially 
under certain conditions. Geology was included only indirectly (soils and 
slope because it is fairly uniform in southern Iowa. The area is under-
lain by relatively impermeable glacial ti 11 covered by loess soil to a 
depth of 0 to 10 feet. The effect of watershed size on water yield per 
yield per unit area is obscured by more pronounced influences, such as 
the five physical characteristics considered in this paper. The limited 
ground water contribution, during dry periods from watersheds of all 
sizes in this area suggests that the yield per unit area is little affected 
by watershed size (in the range 5Z5-9, 850 acres. 
The factors assigned to the various classifications of watershed char-
acteristics are only estimates based upon limited observations; con-
tinued research is needed to provide more precise values. A shortage of 
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runoff data makes the factors assigned to land management and conser-
vation open to question. Errors and assumptions in computing themeas-
ured yield also provide a source of error. The median annual water 
yield estimated from stream gauge and reservoir records is believed to 
be accurate within t 15%. 
Water yield estimates, based upon watershed rating, as determined 
by the physical characteristics of a watershed, appear to provide reliable 
estimates of water yield. Despite the limiting and approximate assump-
tions used in the development of the prediction method, it may have 
practical applications if confined to small watersheds (300 to 10, 000 
acres in size in regions of uniform physiography. 
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AN OPTICAL DENSITY METHOD OF MEASURING 
PHY TOPLANKTON STANDING CROPl
Lawrence F. Sma11 
Department of Zoology and Entomology 
Iowa State University 
of Science and Technology 
Ames, Iowa 
SUMMARY. Estimation of phytoplankton standing crop 
involves collection of adequately representative sam-
ples and determination of the phytoplankton per sample. 
For each estimate, one liter of lake water was centri-
fuged in a continuous -flow centrifuge at the rate of one 
liter per eight minutes, the concentrate was ma de up 
to 30 milliliters with 90 °jo reagent -grade acetone, and 
the extraction was allowed to take place for one-half 
hour at a constant temperature of 1 ZO °F . Longer ex-
traction is more complete, but deterioration of chloro-
phyll may be greater than the increased extraction. 
Use of two liters per sample did not give better results 
than one liter samples. When the extraction phase was 
completed, the green supernate was read in a Bausch 
& Lomb "Spectronic ZO" spectrophotometer at a 665 mµ 
wave length to obtain the optical density of chlorophyll 
"a". The optical densities can then be converted to 
"units of count" providing the species composition re-
mains fairly constant. 
Introduction 
Phytoplankton serves as the "pasture" of lakes and of the ocean, pro-
ducing the basic food upon which the aquatic animals live. Measurement 
of its abundance is, however, a slow tedious process. Moyle (1949) 
mentions that quantitative plankton sampling was discontinued in genera! 
1 Journal Paper No. J-3969 of the Iowa Agricultural and Home Economics 
Experiment Station, Ames, Iowa. Project No. 1374, Iowa Cooperative 
Fisheries Research Unit, sponsored by the Iowa State Conservation 
Commission and Iowa State University of Science and Technology, with 
the cooperation of the Fish and Wildlife Service, United States Depart-
ment of the Interior. This paper is part of a thesis submitted to par-
tially fulfill the requirements of a Master Of Science degree. The 
Atomic Energy Commission supported part of this project under Grant 
AT (11-1) 59. 
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lake productivity studies in Minnesota because the Labor required to col-
lect and examine an adequate series of samples, considering seasonal 
variation and sampling errors, made the value of such work questionable. 
The present study was undertaken to develop techniques for quickly 
measuring the standing crop of phytoplankton in Clear Lake in north-
central Iowa. Clear Lake is eutrophic and unstratified (Pearcy, 1953 
with an area of 3, 642 acres (at outlet level and a maximum depth, in 
August, 1958, of 15 feet. The phytoplankton is composed predominantly 
of blue-green algae and diatoms. 
A satisfactory technique for estimating the standing crop involves two 
steps: determination of the amount of phytoplankton in a sample of water, 
and collection of samples of water adequately representative of the lake. 
Determining the Amount of Phytoplankton per Sample 
A critical appraisal of the available techniques for determining the 
amount of phytoplankton in a sample concentrate, in light of the objective 
of this study, automatically eliminated several techniques. Direct counts 
through a microscope (Allen, 1919, 1922; American Public Health Asso-
ciation, 1946; Clark, 1956; Fleming, 1940 ; Gilbert, 1942; Gran, 1932; 
Hentschel, 1938; Kutkuhn, 1958; Littleford, e_t al. , 1940; Rawson, 1953, 
1956; Sheard, 1947; Tucker, 1948; and many others were discarded 
because of the time involved. There was no foreseen solution for cutting 
down the time and still retaining accuracy. The sedimentation technique, 
with subsequent counting over an inverted microscope (UtermtShl, 1931, 
was discarded for the same reason, though this is probably one of the 
most accurate methods known (Braarud, 1958. Pigment extraction tech-
niques (Creitz and Richards, 1955; Freed, 1957; Gardiner, 1943; Gessner, 
1944; Harvey, 1934; Krey, 1958; Lund and Tailing, 1957; Manning and 
Juday, 1941 ; Marshal, 1956; Richards with Thompson, 1952; Riley, 1938; 
Rodhe, 1948; Ryther and Yentsch, 1957; Tucker, 1949; Wohlschlag and 
Hasler, 1951; Wright, 1958; Yentsch and Ryther, 1957; and others were 
also quite time-consuming, but several steps in the general process 
seemed worthy of investigation with respect to cutting down the time 
involved without losing accuracy. Basically the technique is to extract 
the pigment from a known volume of sample or sample cons entrate in a 
suitable solvent and obtain the extinction coefficient of light, or the opti-
cal density, in the extract, either through the use of a colorimeter, or, 
in more specific work with separate pigments, a spectrophotometer using 
a narrow waveband critical for the pigment in que stion. Optical density 
can then be converted by means of a standard curve to number of organ-
isms per unit volume, to "units of count" (Tucker, 1948), or to milli-
grams of carbon per unit volume, or per unit surface area, for ready 
comparison with primary production data (Cushing, 1958. Several pit-
falls in interpreting pigment extraction results were noted: 
1. Different species of algae possess different pigments. 
2. Amount of pigment per cell or algal unit is different in different 
species of algae, if for no other reason than that species vary 
greatly in size. 
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3. Chlorophyllous debris, such as plant fragments other than algae, 
may add to the extract. 
4. Chlorophyll in dead algal organisms may add to the extract. This 
factor becomes particularly important if chlorophyll is used as an 
index of "photosynthetic potential" rather than an index of standing 
crop (Currie, 1958; Ketchum, e_t al., 1958; Krey, 1958; Ryther, 
1956), where standing crop is defined as the number of organisms 
present at a given instant per unit volume of water, regardless of 
physiological state of the organisms. 
5. Age of the population might possibly affect the quantity of 
chlorophyll per individual cell, or the absorption spectrum of the 
extracted chlorophyll. 
6. Incomplete extractions underestimate the standing crop. 
7. Differential extractions, with regard to species, confound 
extraction results and thus confound conversion to enumeration 
data . 
8. Undue delay between extraction and reading in the spectrophotom-
eter might cause breakdown of the chlorophyll in the presence of 
light, and change the absorption spectrum. 
At first glance, the pigment extraction technique, with these limitations 
imposed upon it, might seem to be a poor choice for a basic technique 
on which to begin experimentation. Most of the pitfalls in the technique 
can be avoided or corrected for, however. 
The particular extraction method used as a basis for experimentation 
was that of Richards with Thompson (1952). It was found after experi-
mentation (Table 1) that results from the method (which required an 
18-hour extraction time at 105°F) could be closely approximated by the 
following technique: 1 liter of lake water was centrifuged in a cantinuous-
flow centrifuge at the rate of 1 liter per 8 minutes, this concentrate was 
transferred to a colorimeter tube and made up to 30 ml with 90% reagent-
grade acetone, and extraction was allowed to take place for i  hour at a 
constant temperature of 120°F. The green supernate was then read in a 
Bausch &Lomb "Spectronic 20" spectrophotometer at a 665 mµ wave-
length to obtain: the optical density of chlorophyll "a". Three of the four 
samples with lowest optical density (least amount of chlorophyll "a") 
showed a better extraction at 120°F for i  hour than at 105°F for 18 hours. 
Normally, the reverse would be expected (as shown by the other seven 
samples) because the longer time should insure more complete extrac- 
tion. Possibly in these three situations complete extraction had been 
realized long before the 18-hour time limit, and a deterioration of the 
extract took place prior to reading. If this were true, the i  hour extrac-
tion at 120°F is better for estimating samples of low chlorophyll content. 
In the "richer" extracts deterioration may have occurred also, but this 
was masked by the fact that pigment was still being extracted. Since 
readings on the i  hour extracts differed by less than 14% from the cor-
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Table 1. Comparison of short-term extractions with long-term 
extractions . 
Date 





at 120 ° F 
18 hours 
at 105°F 
August 8 1.25 1.00 +.25 20.0 
July 26 2.25 2.00 +.25 11.1 
July 8 2.25 2.50 +.25 11.1 
July 21 2.50 2.25 -.25 10.0 
August 15 3.00 3, 25 -. 25 8. 3 
August 1 3.75 4.25 +, 50 13. 3 
July 15 4.25 4.75 -.50 11.8 
July 2 4.75 5.00 +. 25 5, 3 
August 20 4.75 5.25 +.50 10.5 
r~ugust 27 7.50 8.00 +.50 6.7 
responding readings on the 18-hour extracts, when these were higher, 
the quicker method was thought to be an adequate estimate of the "true" 
optical density of the extract. 
By selecting a pigment common to all species in the lake (chlorophyll 
"a"~, and obtaining the optical density of this pigment as closely as pos-
sible (by using the 665 mµ wavelength, which is selective for chlorophyll 
"a" extracted in 90°jo acetone, the effect of any other pigment in the ex-
tract is almost completely stripped out. The concentration of chlorophyll 
"a" is not the same in different species, but assuming that amount of 
chlorophyll "a" is a linear function of cell size (which is probably not 
entirely true, cells can be expressed as "units of count" (Tucker, 1948 
to empirically standardize cell size and hence chlorophyll content (Table 
2). By extracting and counting different concentrations of paired samples, 
a standard curve (Figure 1) was constructed which will allow the com-
parable number of units of count to be read off for each optical density 
reading. There is an obvious weak point in this particular conversion 
method, however. The assignments of quantity of cells to equal one unit 
of count are at best educated guesses; thus the number of units of count 
equalling one optical density reading will probably change slightly with 
each gross change in species composition, due to the inability of the units 
of count to completely standardize the different amounts of chlorophyll 
"a" in different phytoplankton species. Different standard curves might 
be needed during different seasons of the year if the species composition 
changed radically. 
The use of optical density readings does not evaluate species compo-
sition changes. Different optical density readings (and units of count 
only reflect changes in total volume, or total standing crop. Generally 
this is all that is wanted, but it may on occasion be of interest to know 
what percentage of the total volume is represented by certain species, 
or certain groups, or certain sizes of algae. Rapid examination of a 
sample can provide estimates of percentage composition, using units of 
count for each species. 
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Table 2. Important phytoplankton of Clear Lake and the quantitative 
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Chlorophyllous debris may also affect optical density readings, if 
present in large amounts. Brief microscope checks should reveal any 
extensiveamounts of debris in the sample. If large amounts are pre sent, 
chlorophyll extractions should not be attempted. In this study, mean 
units of count were closely correlated with optical density readings 
(Figure 1), which, along with microscope checks, would indicate little 
effect on the extractions from chlorophyllous debris. 
Chlorophyll from dead algal organisms was extracted along with the 
chlorophyll from living cells; hence, the chlorophyll extractions in this 
study represented estimates of standing crop as previously defined, re-
gardless of physiological state of the individual cells. The estimation of 
"photosynthetic potential" from chlorophyll extractions becomes rather 
meaningless unless the total population being estimated is known to be 
activelygrowing(inwhich case the assumption that no "dead" chlorophyll 
is present is probably valid. Krey (1958 suggests that a component 
specific for living photoplankton, such as an amino acid or an enzyme, 
might be the key for separation of photosynthetically active cells from 
dead cells, but no means of separation is now known. Further compli-
cating the problem of using chlorophyll as a measure of photosynthetic 
potential is the fact that one unit of "living" chlorophyll under different 
circumstances is able to assimilate different quantities of carbondioxide. 
The effect of changing quantity or optical quality of chlorophyll "a" 
per cell with age, if it exists, was not corrected for, and thus this study 
necessarily operated under the broad assumption that it did not exist, 
or, if it did, that the ratio of "old" to "new" cells was constant in the 
population. If in truth there is a change in chlorophyll per cell with age, 
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Figure 1. Relationship between average number of counted phytoplankton 
units per milliliter of water and optical density readings on 
extracted surface samples in Clear Lake, Iowa, during the 
summer of 1958. 
PHY TOPLANKTON 349 
the chances of obtaining noncomparable standing crop estimates over a 
year's time, for example, are great. The assumption of constant ratio 
of old to new cells probably would become entirely invalid during and 
following phytoplankton pulses, or blooms. 
The close agreement of the quick extractions with the Richards with 
Thompson extractions (Table 1) would indicate that the former went to 
completion, or nearly so. Thus by increasing the temperature of extrac-
tion on small sample concentrates, the time of extraction was effectively 
reduced without appreciably altering the accuracy of the results. If 
complete extraction is attained, the problem of differential extraction, 
with regard to species, does not exist. Should this not be the case, 
however, and should a particular species or group of algae in the sample 
not release its chlorophyll as readily as others in the sample, the un-
extracted fraction will be tied up largely by that species or group in 
which extraction is slow. If that particular species or group is a major 
part of the total population, standing crop estimates of the total popula-
tion will be underestimated. Also, if this large segment of the population 
is one subject to great numerical fluctuation, one standing crop estimate 
will not be comparable with the next, regardless of the precision with 
which the rest of the over -a11 technique is performed. 
Extraction of representative pure cultures of algae indicated that blue-
green algae and diatoms were extracted quite satisfactorily by the quick 
extraction method, but green algae (Pediastrum boryanum, Staurastrum 
gracile) were not completely extracted. Since Clear Lake is a predomi-
nantly blue-green algae-diatom lake, the technique was probably satis-
factory using samples from such an environment, but the seemingly 
incomplete extraction of the green algae would bear further investigation 
before using the quick extraction technique on samples from waters with 
green algae. 
If delay between extraction and reading of the extract in the spectro-
photometer is necessary, the samples must be placed in total darkness 
immediately after extraction until their optical densities can be deter-
mined. Creitz and Richards (1955) mentioned that chlorophyll extracts 
could be kept for several days in absolute darkness without any appre-
ciable effects on their optical densities, and an experiment in the Clear 
Lake Laboratory verified this. In three extractions held in total dark-
ness, deterioration of the chlorophyll was not spectrophotometrically 
evident for at least eight days. 
Collecting and Concentrating the Sample 
It was felt that time spent in collecting and concentrating samples 
from the lake could be cut down without affecting the accuracy of the 
determinations appreciably. Collection of samples with plankton nets 
was avoided since nets do not effectively filter nannoplankton which may 
contribute significantly to the standing crop (Kutkuhn, 1958). A method 
whereby known volumes of lake water were suction-filtered through type 
AA millipore filters and the pigment extracted directly from the filters 
(Creitz and Richards, 1955) met with little success at Clear Lake, for 
several reasons. The small size of the filterable sample (30 ml), made 
necessary by the "richness" of the lake, was probably the foremost of 
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these reasons. Also, nonchlorophyllous detritus (silt, root fibers, etc.) 
affected filtration, recovery of the pigment from the filters was not ade-
quate, and filtration and extraction from the filters was slow. 
Ballantine (1953) stated that centrifugation appeared to be the most 
satisfactory method of concentrating nannoplankton, from the standpoints 
of simplicity, time involved, and accuracy. Hartman (1958), however, 
found that this method was inaccurate if the results were based on only 
one centrifugation, and suggested that three centrifugations of the same 
sample were needed to duplicate colorimetric readings on the centrifuge 
runoff. It was found in this study that no more than 3. 3% of the total 
phytoplankton was lost in one centrifugation at the rate of 1 liter per 
8 minutes . The average loss approximated Z . 0% (assuming that total 
phytoplankton was recovered with three centrifugations). Thus it was 
felt that one centrifugation offered a satisfactory balance of accuracy 
and speed, and was superior to other methods of concentration tried. 
The lake samples themselveswere easily and rapidly takenwith a 3-liter 
Kemmerer water sampler. The big objection to the centrifugation method, 
that of breaking up the delicate cells, was nullified by the fact that this 
study dealt with the chlorophyll "a" content of the concentrate, not the 
cells as visually recognizable entities. 
The original sample volume of water used for each extraction was 
1 liter. It was thought that readings on extractions from 1-liter samples 
might be subject to a great deal of error because of the relatively small 
amount of pigment extracted from the concentrate. Thus, on each of 
several sampling runs, a Z-liter sample was collected simultaneously 
with the 1-liter sample and optical densities of the chlorophyll extracts 
were compared. Since good correlation was obtained between the two 
sets of readings (Figure Z) it appeared that 1-liter samples, which re-
quired less time to centrifuge, were consistent enough to give good esti-
mations within the general density range of phytoplankton in Clear Lake. 
Naturally, statistical sampling schemes must be followed in collecting 
samples from the lake, to insure adequate representation of the phyto-
plankton throughout the lake volume. Without collections that take into 
account horizontal and vertical distribution of the organisms, and pos-
sible changes in the population with time of day, the most exacting of 
techniques used to concentrate and extract the samples will not give 
accurate standing crop estimates for the lake as a whole. Sampling 
schemes will not be discussed in this paper, however. 
It is hoped that in this study a technique for concentrating and analyz-
ingphytoplankton for standing crop estimates in a lake has been developed 
whereby state conservation departments, federal agencies, and other 
organizations not directly concernedwith basic research on phytoplankton 
can get quick, accurate information on productivity and lake type. The 
technique presented is not the most accurate and precise method known, 
but is one which should offer a good balance between accuracy needed in 
most general lake survey work and the time to be used in such survey 
work. 
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SOLAR RADIATION AND SUNSHINE IN IOWAl
P.J. Waite and R.H. Shawl
SUMMARY. Solar radiation data for Ames 1954-1960 were 
summarized, and the results compared with those of 
Lincoln, Nebraska, and Madison, Wisconsin. These 
stations provide data which give the range of values to 
be expected across Iowa. 
Sunshine observations for the first order Weather 
Bureau stations were summarized as to monthly means, 
distribution of monthly means and distribution of daily 
values for the 1930-1959 period. 
The charts show that percent of possible sunshine 
generally decreases from west to east. In December 
the average difference in radiation across Iowa is about 
Z5 langieys per day while in June it is only about 10 
langleys per day. During the summer the average dif-
ference in radiation is small across Iowa, although, of 
course, on individual days, local cloudiness may result 
in large differences across the state. 
The sun is the basic source of supply for all nonnuclear energy which 
drives the physical and biological processes of the earth. It emits 
tremendous amounts of energy with fluctuations of only 1 or Z% (5). How-
ever, the amount received at the surface of the earth varies greatly with 
season and location due to the angle of the sun which changes with time 
of day, time of year and latitude. The length of day also varies with 
season and latitude. The angle (intensity and length of day (duration 
combined with the effects of clouds, smoke, fog, and dust determine the 
amount received on a horizontal surface at the surface of the earth. The 
amount received on a horizontal surface is quite different from that re-
ceived on walls or sloping surfaces (9) but these differences will not be 
discussed here. 
Solar radiation is used in a multitude of ways. It causes evaporation 
from ponds, lakes and wet ground surfaces; it causes plant transpiration; 
it is used in heating the soil and air; it is used in photosynthesis of plants 
and its duration or photoperiodism has important effects on many plants. 
It is essential to agriculture, industry, and recreation, and affects our 
lives in many ways . 
1 Journal Paper No. J-3987 of the Iowa Agricultural and Home Economics 
Experiment Station, Ames, Iowa. Project No. 1280. 
State Climatologist, U.S. Weather Bureau, Des Moines, Iowa and Pro-
fessor of Agronomy (Agricultural Climatology, Iowa State University, 
Ames, Iowa . 
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In Iowa, radiation has been recorded both as intensity and duration of 
sunshine. This paper summarizes what these observations have shown. 
DATA USED AND DISCUSSION 
Solar Radiation 
The instrument used to measure the intensity of solar radiation is the 
Eppley pyrheliometer. This instrument (4) is a specialized thermopile. 
The receiving element is hermetically sealed in a lamp bulb of soda lime 
glass which transmits only about 10% of the incident radiation at .29 µ 
and 5 µ but near 90% from . 34 to 2. 6 µ. At the time of sealing, the bulb 
is carefully heated and exhausted to expel adsorbed moisture and is then 
filled with dry air to prevent any condensation of moisture on its inner 
surface due to exposure to low temperatures. The bulb, which is 3" in 
diameter, is mounted on a metal base with leveling screws. The inner 
or hot ring is painted with lampblack and the outer or cold ring is smoked 
with magnesium oxide. These blackened and whitened surfaces absorb 
longwave radiation equally well, but the magnesium oxide has a high 
coefficient of reflection for radiation having the wave length of solar 
radiation, Therefore when exposed to solar radiation the two rings of 
this pyrheliometer develop a marked temperature difference, and the 
resulting e.m.f. from the associated thermopile is very nearly propor-
tional to the intensity of the solar radiation. 
The basic unit for measuring solar radiation energy per unit area is 
gram-calories~centimeter~, called langleys in the published Weather 
Bureau Climatological Data National Summary (14). Engineers often use 
the units BTU~ftz where 1 BTU~ftZ = .27 cal~cmZ . 
Continuous observations of solar radiation on a horizontal surface 
were started in 1953 at Ames, using a pyrheliometer located on top of 
the Agronomy Building. Some experimental data were recorded prior to 
that by the Agricultural Engineering Department. Radiation data are also 
available for stations in states surrounding Iowa (8, 14). 
An examination of the radiation which would be received with no at-
mospheric depletion (13) shows little difference across Iowa from north 
to south during any day of the summer period, but an average difference 
of near 50 langleys per day in the winter. Local differences in cloud 
cover across the state will result in a wider range of the radiation actu-
ally received. Lincoln, Nebraska, and Madison, Wisconsin, provide 
data on the range which would be expected across Iowa from southwest 
to northeast. The average annual curves (8) are shown for these stations 
in Figure 1. In addition, Ames data are shown in dots, each dot repre-
senting a 6-year weekly mean. During June and July the Ames radiation 
has been lower then expected although the percent of possible sunshine 
during these months was near normal. For a longer period the solar 
radiation would be expected to fall between that of Lincoln and Madison. 
The highest 10%of the days for each month were selected and a smoothed 
curve drawn through these data points which were plotted on their re-
spective calendar dates. This is labeled "clear days" in Figure 1. 
The lowest 10% of the days for each month were also selected, and the 
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Figure 1. Annual radiation curves for Ames, Iowa, Lincoln, Nebraska, 
and Madison, Wisconsin. 
smoothed curve, labelled "cloudy days, " was drawn through these data 
points. This provides the range of high and low values which might be 
expected at any time of the year. Any Iowa station would show a wide 
seasonal difference due to changes in the height of the sun above the 
horizon. At Ames, the sun has a maximum altitude of 71 ° in late June, 
but in late December the maximum altitude is only 24° . Consequently, 
radiation is high during the summer months and low during the winter 
months . 
Another factor which affects total daily radiation received is the day 
length. In late June the day length at Ames is about 154 hours, in late 
December it is a few minutes over 9 hours. In the southern part of the 
state, summer days are a few minutes shorter and winter days a few 
minutes longer. In the northern part of the state winter days are a few 
minutes shorter, and summer days a few minutes longer. At the time 
of the equinox, about March 21 and September 22, days are just over 
12 hours duration in all parts of Iowa. On any particular day, the total 
radiation across Iowa would vary only a relatively small amount, except 
for the effects of varying local cloud cover. 
Radiation totals for each hour of the day show a typical daily .pattern. 
In Figure 2, daily curves for typical clear and heavy overcast days in 
summer, fall or spring, and winter are shown. These curves show the 
amount of radiation which would be received at any time of the day under 
these conditions. Radiation at noon in the summer is twice what it is in 
the winter , 
Reduction in solar radiation is not proportional to cloud cover. Mc-
Quigg and Decker (10) stated: 
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Figure 2. Typical radiation curves for clear and cloudy days for 
summer, fall or spring, and winter days at Ames. 
0 
"Note that scattered clouds (10 to 50 percent cloud cover do 
not reduce the amount of energy received very much; even a sky 
condition with broken clouds (50 to 90 percent cloud cover does 
not cause a great reduction in the amount of incoming energy. At 
mid-day, scattered clouds reduce the amount of energy received 
by about 5 percent while broken clouds cause a reduction of nearly 
20 percent from the energy received with a clear sky. Scattered 
and broken clouds reduce the amount of energy received by only a 
small amount because much of the solar energy intercepted by the 
clouds is reflected to the earth's surface through the clear spaces 
between the clouds . " 
The cloudy days represented in Figure 2 are for a very heavy overcast. 
In Figure 3, the data for July 20, 1959 are shown to compare solar 
with net radiation. The solar radiation reached a peak of over 1.3 lang-
leys~min near noon. The net radiation over a corn field for July 20 is 
also shown in Figure 3. The net radiation is equal to the incoming short 
wave radiation plus longwave sky radiation less the reflected solar radi-
ation and the outgoing longwave radiation from the ground and crop cover. 
The net radiation is used in evapotranspiration, heating the air, heating 
the soil, and in photosynthesis. When the moisture supply is adequate, 
the larger part of this is used in evapotranspiration, It is a very impor-
tant factor in determining the water use by plants. It takes approximately 
58.5 langleys to evaporate 1 mm of water. The net radiation on July 20 
would indicate a possible maximum evaporation of about 1 mm per hour 
at midday and about 7 mm for the day. However, not all of this energy 
is normally used in evaporation. Denmead (3) measured a transpiration 
of 6.04 mm for this day. Using Penman's equation (11) he calculated 
evaporation from an open water surface at 6.59 mm. On some days 
energy is also advected into an area, and a greater water loss might 
occur. 
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Much longer periods of record are available in Iowa for "percent 
possible sunshine" than for intensity of solar radiation. Fortunately 
there is a good correlation between them. Stations available (15) for 
this study were Des Moines, Burlington, Davenport, Dubuque, Charles 
City and Sioux City, Iowa; Omaha and Lincoln, Nebraska; Madison and 
La Crosse, Wisconsin; Peoria, Illinois; Columbia and St. Joseph, Mis-
souri; Minneapolis, Minnesota; and Huron, South Dakota. Data have been 
recorded using a Marvin sunshine recorder (a differential air thermom-
eter with a clear bulb and a black bulb and~or the differential between 
two photocells, one shielded from the sun. Both these instruments are 
set so that sunshine is re corded when the disk of the sun can be seen just 
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Figure 5. Monthly average percent possible sunshine (July -December) 
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faintly through the clouds. Although this network of stations is rather 
sparse, isolines of percent possible sunshine were drawn and except for 
Burlington, which had a short period of record, showed a consistent 
pattern. 
The percent of possible sunshine generally decreases from west to 
east. The lowest percentage occurs during the November -January period 
(Figs. 4, 5), with December having the lowest percent of possible sun-
shine ranging from 40% in the northeast to 52% in the southwest. By 
February and March this has increased to 52-60%. There is a continued 
gradual increase through the spring until the sunshine is 72-76% in July. 
The percent of possible sunshine then gradually decreases to the winter 
minimum . 
In addition to the mean monthly sunshine, the distribution of the pe r -
cent possible sunshine for different months is of interest. These data 
can be seen in Table 1 for Des Moines. From these it can be seen that 
few months have a percent of possible sunshine less than 30% and few 
months have more than 90%a of possible sunshine. In the last column the 
average cloudiness during the daylight hours for each month is shown. 
A high percent possible sunshine occurs with the lowest percent of cloud 
cover. 
Table 1 . Distribution, by percent, of average monthly values of percent 
possible sunshine, and average percent monthly cloudiness 
during daylight hours at Des Moines, Iowa. (1930-1959) 
Month 
Percent Possible Sunshine 
Ave 
cloud-
iness 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99 
Jan. 10 27 40 13 10 58 
Feb. 10 20 27 30 10 3 59 
Mar. 13 17 40 13 17 62 
Apr. 3 20 17 43 17 -- 60 
May 13 24 40 20 3 59 
June 3 13 37 37 10 56 
July 3 14 53 27 3 45 
Aug. 20 27 33 20 -- 47 
Sept. - 17 33 23 27 - 47 
Oct. - -- 13 17 27 40 3 48 
Nov. 3 13 20 30 27 7 - 58 
Dec. 3 24 33 30 7 3 62 
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Table 2. Distribution of percent possible sunshine for Des Moines, Iowa. 
Values in table are percent of days with specified amount of 
sunshine. 
Percent Possible Sunshine 
Month 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-100 
Jan. 26.1 3.1 4.4 5.0 5.6 6.1 5.6 10.0 8.4 25.6 
Feb. 23.8 4.1 4.4 5.0 5.5 5.5 5.7 9.4 10.0 27.0 
Mar. 23.2 5.2 3.5 5.8 5.3 7.3 ~6.5 8.7 9.4 25.2 
Apr. 17.8 5.3 4.5 4.2 5.2 6.7 5.7 10.5 11.3 28.8 
May 13.9 4.0 4.0 6.3 6.6 8.9 8.2 10.2 11.6 26.3 
June 9.5 3.9 4.9 5.0 6.4 8.4 8.9 10.2 13.2 29.6 
July 4.0 2.3 3.5 4.0 6.8 7.6 9.2 10.6 12.3 39.7 
Aug. 7. 6 3. 9 3.4 4. 8 5, 3 7. 3 6. 9 1 3. 1 11.1 36. 6 
Sept. 10.7 3.8 4.7 2.3 4.0 5.2 6.0 11.2 9.5 42.7 
Oct. 13.7 5. 6 3. 7 4. 5 3. 2 5. 2 4. 5 7, 1 9. 5 42. 9 
Nov. 28.2 5. 3 4, 0 3. 2 5. 7 4. 8 5. 3 7. 5 7. 7 28. 2 
Dec.. 32.0 4. 5 3. 5 6. 6 5. 7 7. 2 5. 8 7. 7 5. 7 21 , 3 
Individual days may have from 0 to 100% of possible sunshine. A 
summary of the daily distribution of percent possible sunshine is given 
in Table 2. During each month there is a relatively large percent of the 
days with 90-100%of possible sunshine. The highest percent occurs in 
the July-October period. In the cool season months, there is also a 
relatively large amount of days with very low sunshine, but in midsum-
mer few days of this type occur. A distribution peaked at high and low 
amounts is characteristic of sunshine and cloud cover data. 
Relation of Sunshine and Solar Radiation 
Various workers have studied the relation between hours of sunshine 
and solar radiation. Sandoval and Shaw (12~ have presented graphs which 
show the relationship for Des Moines sunshine andAmes solar radiation, 
Fritz and MacDonald (6) developed the equation 
Q~Qo = . 35 + . 61 S 
where S is the percent of possible sunshine, Q is the amount of solar 
radiation actually received and Qo the radiation during cloudless days. 
Monthly means were used to compute this. Using this equation, the 
ratio, Q~Qo, can be easily computed for any month for different location s 
in Iowa < Hamon et al. (7) provided a diagram to compute the radiation 
for any latitude with different percents of possible sunshine. These two 
methods give comparable, but not identical, results. The results are 
summarized in Table 3. Under average cloudiness conditions the average 
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Table 3. Effect of change in percent possible sunshine, and latitude of 
solar radiation. 
Langleys per Day 
December June 
Change of sunshine of 2% 
at 10% sunshine 8-10 20 
at 50% sunshine 3- 5 7-10 
at 90% sunshine 2 5- 8 
Change of latitude of 1 ° 8 0 
effect across Iowa would be 20-25 langleys per day in December, and 
only about 10 langleys per day in June due to the small range in average 
percent sunshine. With a range in latitude across Iowa of about 3°, the 
incrQase in December from north to south is about 24 la~gleys per day; 
in June there is practically no difference. Due to local differences in 
cloud cover, individual days may show very large differences. 
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FACTORS AFFECTING THE INCIDENCE OF REACTION 
TISSUE IN POPULUS DELTOIDES BARTR.1
Graeme P. BerlynZ
ABSTRACT. The present investigation was undertaken to 
provide information on the effect of various intrinsic 
and environmental factors on the incidence of tension 
wood in Populus  deltoides  Bartr. Tension wood is a 
form of reaction tissue which occurs on the upper side 
of leaning angiosperm stems. It is characterized by 
fiber tracheids which possess an unlignified, gelatin-
ous appearing, cellulosic layer in their cell walls. 
Fourteen bottomland cottonwood stands growing on pre-
viously studied soils were used in this study. The 
average age of the timber was 46 years. Three large 
cores of tissue were extracted from the upper side of 
each of 84 trees at breast height. The external mor-
phological features of each of the trees were measured 
and described. 
A quantitative histological analysis was developed. 
Images of cross sections including the cambium and 3 
annual increments were projected on paper grid sys-
tems. Counts of stimulated and non stimulated cells in 
randomly selected grid squares were recorded. 
The induction of the gelatinous layer occurs early 
in cellular ontogeny, i.e. the layer may be observed 
immediately subjacent to the cambium. The cambium 
produces gelatinous fibers in small groups (unless 100% 
reaction occurs, but abrupt variations occur. The 
proportion of gelatinous fibers is positively correlated 
with radial growth and the number of cells per unit 
area. There is a depression of vessel size in reaction 
tissue. Strong fluctuation in the factors which deter-
mine radial growth are associated with equally strong 
fluctuation in the factors that induce reaction tissue. 
1 Journal Paper No. J-4010 of the Iowa Agricultural and Home Economics 
Experiment Station, Ames, Iowa. Project No.1330. The research was 
conducted in cooperation with the Ames Branch of the Central States 
Forest Experiment Station, Ames, Iowa. The author is very happy to 
acknowledge the collaboration of Dr. H. T. David of the Iowa State Uni-
versity Statistical Laboratory in the statistical studies. The author is 
also indebted to his major professors, Drs. D. W. Bensend and J.E. 
Sass, and to the Forest Products Laboratory for advice and encourage-
ment. 
Z Instructor in Wood Anatomy, Yale University School of Forestry, New 
Haven, Connecticut. 
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This association is limited to certain metabolic inter-
vals as expressed by radial growth. The absolute nature 
of the cytological response and the distributional form 
of the histological response suggest a chemical feed-
back mechanism, possibly mediated by hormonal levels. 
A study of the form and distribution of the data was 
made. Weighted means of samples of 8 grid squares 
were 1Z9% more efficient than unweighted means. The 
variance associated with reaction tissue was signifi-
cantly greater than binomial vari ance. Untransformed 
data were shown to provide more information than either 
the aresine or square root transformed data. Signifi-
cant but small positive correlation exists between ad-
jacent squares and significant but small negative cor-
relation exists between distant squares. This suggests 
that random sampling may be improved upon by utilizing 
the low variance associated with negative correlation. 
Selection of grid squares at the vertices of suitable, 
randomly placed geometrical figures is suggested. 
In multiple regression analyses, lean, crown volume, 
and available phosphorus were found to be highly sig-
nificantly related to the proportion of gelatinous fibers. 
Crown volume was also an excellent correlate with many 
other growth variables. The phosphorus relationship 
may stem from its role in cellulose synthesis. In ten-
sion wood cellulose biosynthesis is stimulated and lig-
nin biosynthesis is depressed. This needs to be checked 
at more critical levels of phosphorus, Lean was clearly 
the strongest correlate. For the age and ecological 
situations of the trees examined in this study there 
appeared to be one over-all regression coefficient for 
the proportion of gelatinous fibers regressed on lean. 
The rate and capacity for reaction tissue production in 
woody plants are depressed with the onset of senes-
cence, the duration of stimulus, and the cyclic level-
ling off of diameter growth. 
INTRODUCTION 
Although extensive technological research has been done on the reac-
tion tissues of angiosperms and gymnosperms, no comprehensive analysis 
of the functional relationships between reaction tissue and environmental 
and hereditary factors is to be found in the literature. Since the presence 
of tension wood in lumber is associated with extremely high longitudinal 
shrinkage, twisting and warping, a thorough knowledge of the botanical 
nature of tension wood is, then, of more than academic interest. For the 
present study Populus deltoides Bartr:, eastern cottonwood, was used 
as experimental material. This tree is currently of high technological 
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interest in many areas. It can be grown on submarginal agricultural 
lands, produces a large volume of merchantable timber in a short period 
of time, and has a wide ecological and geographical range. Serious 
limitations to the commercial importance of cottonwood arise from the 
presence of reaction tissue (tension wood) in this species. 
REVIEW OF PERTINENT LITERATURE 
Incidence and distribution of tension wood 
The term reaction tissue is a general term used to refer to tissues 
found in leaning or otherwise stimulated plant organs. Inangiosperms the 
reaction tissue forms on the upper side of leaning stems and is termed 
tension wood whereas in gymnosperms the reaction tissue forms on the 
lower side of the leaning stem and is called compression wood. The 
tissues in these regions are physically, chemically, and anatomically 
different from the surrounding tissues. The phenomenon is often asso-
ciated with eccentric growth. The disposition of reaction tissue in 
branches is more complex than in stems because the phenomenon is 
actually morphogenetic in nature, i.e. the physical location of the reac-
tion tissue is more directly related to morphogenetic pattern than to 
adaxial or abaxial position. 
Because of its fundamental relationship to growth and morphogenesis, 
reaction tissue has been the subject of much basic biological inquiry. A 
number of recent reviews of the literature are available (Marra, 1942; 
Onaka, 1949; Dadswell and Wardrop, 1949; Spurr and Hyvarinen, 1954a; 
Wahlgren, 1956; Westing, 1959; Berlyn, 1960). Reaction tissue is of 
wide occurrence in woody plants. However, Onaka (1949) states that 
tension wood seems to be characteristic of broad-leaved trees in the 
early stages of evolutionary development and is absent in groups such as 
Ilex, Euconymus, and Rhododendron.
Anatomically the stimulated fiber tracheids (and libriform fibers) of 
tension wood are characterized by the presence of a layer of gelatinous 
appearing material in the secondary cell wall. These cells are commonly 
called gelatinous fibers or tension wood fibers. At present there are at 
least three known different cellwall organizations of tension wood fibers. 
The three layers of the secondary cell wall of a normal unstimulated 
tracheid, fiber tracheid, or libriform fiber may be designated centrip-
etaly as Sl, SZ and S3 (Bailey and Kerr, 1935). The gelatinous layer, 
wherL present, can be designated as G. Using this notation, the three 
main types of cell wall organization are: 
a . Sl, S2, S3, G 
b . Sl, Sz, G 
C. Sl, G (after Wardrop and Dadswell, 1948, 1955; 
Onaka, 1949; Dadswell and Wardrop, 1955). 
In addition to this, Wahlgren (1957) describes a central gelatinous layer 
in the tension wood of overcup oak (Quercus lyrata Walt.), however, the 
exact wall layers involved were not identified. Actually a distribution of 
secondar-y cell wall organizations may exist in tension wood. Apparently 
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the entire cambial mechanism is altered during induction and initiation. 
In some observations the vessels appeared to be reduced both in size 
and number in wood containing tension wood (Chow, 1946; Dadswell, 1945; 
Dadswell and Wardrop, 1949). Marra (1942) reported that the vessels 
in the tension wood of silver maple (Acer saccharinum L.) were reduced 
in size, but were more numerous. Several workers have found that in 
Populus deltoides, Bartr. the gelatinous fibers are heavily concentrated 
on the upper side of the leaning stem at breast height, but that in the 
higher parts of the stem the distribution spreads around the entire bole 
(Kaeiser, 1955; Kaeiser and Pillow, 1955; Wahlgren, 1956). Gelatinous 
fibers may occur in both xylem and phloem and they may occur in stems, 
branches, vines and petioles . 
Role of tension wood in morphogenesis 
The nature of the morphological response has been studied intensively 
(Hartmann, 1932, 1942; Jaccard, 1938, 1940; Onaka, 1949; Wardrop, 1949, 
1945). One of the earliest theories stated that tension wood is a morpho-
logical response to tensile stress. This view appeared to be consistent 
with information on vines, tendrils and petioles (Haberlandt, 1914; Busgen 
and Munch, 1929; Wardlaw, 1952). However, the inadequacies of this 
concept became apparent when stems were bent into vertical hoops, in 
which case the tension wood developed on the upper side with respect to 
gravity regardless of whether the tissue was under tension or compres-
sion (Swart and Mason-Jones, 1906; Jaccard, 1938, 1940). When the 
same experiment was applied to coniferous species the compression 
wood always formed on the lower side regardless of stress (Hartig, 1901; 
White, 1908; Burns, 1920; Hartmann, 1932, 1942; Sinnott, 1951, 1952). 
These series of experiments led to the conclusion that reaction tissue 
was primarily geomorphic in nature, This theory was also supported 
by a series of centrifugation experiments (Hartmann, 1942; Scott and 
Preston, 1955; White, 1908; Jaccard, 1940). Jaccard (1940) also noted 
that irrespective of the initial stress condition tension wood was inti-
mately associated with forces leading to contraction of the stem. He 
concluded that tension wood is regulatory in nature (cf. Newcomb, 1895) 
and tends to maintain stems and branches in an equilibrium positionwith 
respect to gravity. 
Hartmann (1932, 1942) reported the results of over 20 years of re-
search on reaction tissue on a wide variety of woody plants. He postu-
lated that a shoot has an "Innerewachsrichtung, " an intrinsic growth 
direction. When an organ deviates from its "Innerewachsrichtung, " re-
action tissue forms in such a way that it restores or tends to restore the 
intrinsic growth direction. The reaction tissue of angiosperms, he said, 
forms in such a way that it tends to pull (contractive force) the organ 
back into its foreordained position, whereas in gymnosperms the reaction 
tends to push the organ back into its intrinsic growth direction (expansive 
force). Regardless of the teleological and vitalistic implications, Hart-
mann's concept does identify the locus of reaction tissue under all con-
ditions. For example, Wardrop (1956) bent a branch upward from its 
original position. Tension wood formed on the lower side where it ex-
erted a measurable "pulling" force in ,the downward direction. When 
the branch was bent downward tension wood formed on the upper side. 
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Sinnott (1951, 1952), using Pinus strobus L., duplicated many of Hart-
mann's experiments and reached similar conclusions. Other studies 
have shown that the formation of tension wood produces strong contrac-
tive forces which seem to arise during differentiation of the fiber cell 
wall (Jacobs, 1945; Wardrop, 1956). 
Surgical experiments performed by H. J. Lutz3 on artificially bent 
white pines dramatically illustrate the genesis of an expansive force 
during compression wood formation. When the lower portions of the 
upper side of stems were removed or penetrated by saw cuts, recovery 
to the vertical position was violent, sometimes resulting in such "over -
correction" that the crown weight broke the stem in two. 
Additional complexity arises because growth movements are also 
associated with other phenomena such as phototropism, geotropism, 
plagiotropism, epinasty, etc. 
Eccentric growth and tension wood formation 
The development of tension wood is often associated with eccentric 
growth. However, this is not always the case, at least in some species 
(Jaccard, 1938; Wahlgren, 1956; Wardrop, 1956; Lassen, 1958). 
Since fiber length is inversely related to radial growth rate (cf. Spurr 
and Hyvarinen, 1954b) tension wood should theoretically have a similar 
relationship. However, there is controversy in the literature on this 
point (Chow, 1946; Dadswell and Wardrop, 1949; Jayme, 1951; Messeri, 
1954; Kaeiser and Stewart, 1955; Kaeiser, 1955; Wardrop, 1956; Berlyn, 
1960). Wardrop (1956) concluded that the controversy arises because 
the eccentricity associated with tension wood may result from either a 
differential time of cambial growth or a differential rate of cambial 
activity. He also cautions that it is almost impossible to obtain paired 
samples from which critical comparisons can be made. 
Mechanism of tension wood formation 
Defining tension wood as a morphogenetic phenomenon leaves the 
mechanism still to be explained. Spurr and Hyvarinen (1954a) state that 
anyone familiar with the behavior of plant hormones cannot fail to see a 
close similarity between reaction wood formation and auxin activity. 
Several workers have successfully induced compression wood with appli-
cation of 3-indoleacetic acid (Wershing and Bailey, 1942; Onaka, 1949; 
Fraser, 1952; Sinnott, 1952). It is well known that gravity influences the 
auxin distribution in plant organs, but bioassays have led to conflicting 
evidence in regard to leaning trees (see Onaka, 1949; Sinnott, 1952). One 
of the primary effects of gravity may be its influence on auxin source. 
In angiosperms, the development of buds, the main sites of auxin syn-
thesis, is primarily on the upper side of leaning stems, while in gymno-
sperms bud development is greatest on the lower side (cf. Priestly and 
Tong, 1927; Dadswell and Wardrop, 1949). Decapitation experiments 
have also been conflicting. Wardrop (1956) found that decapitation pre-
vented reaction tissue formation on bent shoots while Westing (1959) did 
not observe this cessation of compression wood formation even after 
prolonged mutilation. 
s Courtesy Dr. H. J. Lutz, New Haven, Connecticut. Yale University 
School of Forestry. Private communication, 1960. 
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The actual mechanisms by which auxins influence plant metabolism 
are imperfectly known, but it is known that one result of increased auxin 
activity is an increase in the plasticity of the cell wall (Bonner and Gal-
ston, 1952, p. 362). Westing (1959) concludes that since the locus of 
reaction tissue in the inclined portion of a stem is independent of tip 
orientation, and since girdling experiments eliminate bound auxin as a 
factor, increased auxin levels are not involved. He suggests that differ-
ential sensitivity to auxin as a result of orientation change is the chief 
factor involved. 
One of the main differences between tension wood and compression 
wood is that tension wood tissue is poorly lignified while there is in-
creased lignin synthesis associated with compression wood. Peroxidase 
is assumed to be a necessary component for lignin synthesis. Wardrop 
and Scaife (1956) found increased peroxidase activity associated with 
mature tension wood in Eucalyptus. They concluded that this indicated a 
lack of substrate for lignin biosynthesis. Westing (1959) found shifts in 
peroxidase levels in leaning conifers. He also isolated a tip-dependent 
Salkowski-positive substance which was not lAA. 
It must be admitted that. after nearly 100 years of research, the prob-
lem of reaction wood remains an enigma. For the present it can only be 
said that reaction tissue is apparently an auxin mediated anatomical 
manifestation of various metabolic activities associated with morpho-
genesis. 
MATERIALS AND METHODS 
Fourteen pure stands of even-aged cottonwood growing on previously 
studied bottomland soils were selected for this project. These experi-
mental areas are located along the Missouri River in western Iowa (Har-
rison and Monona counties) 4 The average age of the timber was 46 years 
which approximates early maturity for cottonwood. Each plot occurs on 
a single soil type. These soils are all alluvial and range in texture from 
coarse sands to clay. Table 1 is composed of extracts from Brende-
muehl's thesis and contains the soil-site information used in the re-
gression analysis section of this study. Preliminary investigations by 
Brendemuehl showed that the pH of these soils varies from 6. 6 to 8.2 
with over 90% of the values in the range of 7.0 to 8. 0. Phosphorus is 
readily available to plants in this pH range and was not considered to be 
severely limiting. Exchangeable potassium on 10 different areas was 
found to be greater than 400 pounds per acre, an amount which may or 
may not be excessive under field conditions (cf. Thomson, 1956; Brende-
muehl, 1957). 
Brendemuehl calculated site indices for these plots by standard meth-
ods (cf. Chapman and Meyer, 1949). This site index is defined as the 
average height attained by the dominant trees of the stand at 50 years. 
Height growth is presumably the measure least contaminated by density 
and other extrinsic factors (cf. Hartig, 1901). The utility of site index is 
that it defines yield without harvesting at any time and is not confounded 
with age (cf. Thomson, 1956). 
4 Soils information and site indices were recorded in a previous study by 
R. H. Brendemuehl (1957). 
STUDY OF REACTION TISSUE 373 
Table 1. Soil-site information on some Missouri bottomlands. 
Plot Site 
No , Index 
a~ .-. 
~ °~ •° ~ ao 
z
~`, +-' U 
N ~ cd ~ 
~ ~ ~ ~ ~ 
`~ ~ U 
zN.~ °o 
9 87 10.1 74.5 2.051 31.1 2.0 
12 88 6.8 44.4 1.466 6.8 1.5 
10 89 4.6 39.1 1.492 35.0 Z.0 
2 89 13.6 96.5 1.739 20.6 14.0 
20 93 9.9 67.5 1.936 49.0 1.5 
1 95 15.4 96.2 2.020 3.8 48. 0 
5 97 11.2 90.7 1.472 4.1 1.5 
22 100 12.0 67.1 1.860 78.8 4.5 
18 101 9.8 57.0 1.515 23.3 3.5 
13 103 16.3 97.8 1.986 83.9 6.5 
14 112 13.6 90.1 2. 330 100. 6 13.5 
3 113 18.0 95.5 2.148 40.9 34.5 
16 120 12.1 87.6 2.170 83.8 10.5 
23 120 15.5 93.3 2.360 44.9 9.0 
In the field studies, eighty-four trees were individually measured, 
sampled, and described. Leaning trees were limited in number and on 
the average six suitable trees were available on each of the 14 plots. 
Data taken in the field included: 
1. Plot and tree number. 
2. Date of sampling and age of timber. 
3. Diameter of breast height in inches (d.b.h.). 
4. Two orthogonal crown diameters in feet. 
5. Crown length, symmetry, and position in canopy. 
6. Total stem height in feet. 
7. Lean at breast height (b.h.) in degrees and direction of lean. 
Sampling for the histological studies consisted of extracting three 
large cores of tissue containing xylem, cambium, and phloem. These 
cores were taken from the upper side of the leaning trees at 4.5 ft (b.h.). 
One core was taken at the center of the upper side and the other two were 
extracted one-sixth of the circumference to the left and right. The cores 
were of sufficient length to include three annual increments of xylem. 
A quantitative histological method was developed for the laboratory 
studies (see Berlyn, 1959). Transections of unembedded wood were cut 
at approximately 1 3 µ. The specimens were oriented so "that the cambium 
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and three annual increments (rings of xylem appeared in the cross sec-
tion, Chloriodide of zinc, a temporary stain (diagnostic of cellulose 
was used for the main analysis (see Figure 1). Additional permanent 
slides were made using a safranin-fast green staining combination. The 
center cores on 13 plots were analyzed, and on plot 2 all three cores 
were analyzed. 
Figure 1. Transverse section showing gelatinous fibers stained with 
chloriodide of zinc. 400X. 
The temporary slides were projected vertically onto a paper grid 
system (cf. Figure 2) at 139X. The 10 x 10 grid measures 12.5 cm 
square. At 139X each grid square encloses 0.09 mm x 0.09 mrn of 
tissue or 8100 square microns. Three grid systems were analyzed for 
each of three annul increments making a total of 9 grid systems per 
slide. The grid systems within each annual ring were located systemati-
cally for maximum coverage. Within a grid system 8 grid squares were 
selected at random for observation. Each grid square can be identified 
by its randomly drawn coordinates. For example, the coordinates 3, 6 
identify the grid. square at the juncture of column 3 and row 6. In each 
of the squares selected actual counts were made of stimulated and non-
stimulated cells. The data were recorded directly in the individual grid 
squares. A proportion of gelatinous fibers was computed on a per ring 
and a per tree basis. This index is the number of gelatinous-walled 
cells divided by the total number of cells in the sample unit (G~N = Pi~. 
Variations of this analytical method were used for special purposes 
and will be described subsequently. For the correlogram analysis (which 
will be further described later), sections from five trees of varying lean 
were prepared in the usual way. On each of the five slides one annual 
ring was selected for detailed analysis. ,The objectives were to obtain 
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Figure 3. Grid system showing fixed sample. 
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the mathematical structure of the sampling system. To develop repli-
cations affixed sample of five squares was imposed on each grid system 
used (Figure 3). Distances between squares are recorded in Table 2. 
On each annual ring 24 grid systems were analyzed, three at a time. 
The positioning of each set of three grid systems was identical to the 
positioning of the three grid systems per ring in the main study. This 
involved two grid systems near the edges of the section and one in the 
center. The grid systems were randomly twirled after positioning so 
that a random placement was effected. Since the grid squares were the 
same fixed distances from each other it was possible to calculate cor-
relation coefficients between the squares. Also variances of the percent 
gelatinous fibers (G~N) figures were computed. 
Table 2. Distances between squares in millimeters. 
Squares A B C D E 
A 0 0.90 2.70 6.04 11.46 
B 1.80 5.25 10.84 
C 3.82 9.74 
D 6.04 
Another variation of the main analysis was developed in order to 
study the relative efficiency of weighted as compared to unweighted 




The phototropic response of Populus deltoides was observed in the 
field studies. Openings in the canopy and the stand margins are a source 
of lean and therefore reaction tissue. Furthermore, leaning trees 
exhibited the well-known crown asymmetry, i.e. the concentration of 
foliage was- skewed to the upper side of the leaning stem (cf. Berlyn, 
1960). 
Correlogram studies 
The specific histological technique for this study has - been previously 
described. This approach was designed to elucidate the geometrical 
configuration of gelatinous fiber initiation. The squares were at fixed 
distances and by computing correlation coefficients between the pro-
portion of gelatinous fibers, Pi, of the five squares it was possible to 
determine whether certain squares tended to be more like each other 
than like other squares. For example, squares that were close together 
could have very similar Pi, particularly if the gelatinous fibers were 
laid down by the cambium in relatively large groups. Table 3 contains 
the grand average correlation coefficients from all five annual rings 
examined. Each correlation coefficient in the table is an average of 15 
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Table 3. Grand average of correlation coefficients between grid squares. 
Squares B C D E 
A 0.224769 0.062068 0.069882 -0.156675 
B 0.033516 -0.061215 -0.137500 
C 0.007167 -0.0204024 
D -0.005091 
correlation. coefficients because separate correlations were calculated 
for the eight left, center, and right grid systems on each annual ring. 
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Figure 4. Grand average correlogram. 
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The question of interest was whether grid squares situated in close 
proximity on the grid system tend to have more similar Pi than distantly 
situated squares. Since the correlation coefficients, which area meas-
ure of linear association, hover around zero, it appears that most of 
the grid squares are independent. Evidence and potential application, 
however, involve only the concept of pairwise correlation. As rough 
illustration the following definition of the stronger but similar property 
of pairwise independence is given: 
Pr(Pa <Pi, A < Pb) = Pr (Pa < Pi, A < Pb I Pe < Pi,D< Pf) 
= Pr (Pa < Pi, A < Pb I Pc < Pi, C < Pd) 
i, e. the probability that the proportion Pi, A in square A lies between Pa 
and Pb when the proportion Pi, D in square D lies between Pe and Pf is 
equal to the probability that the proportion Pi, A lies between Pa and Pb 
when the proportion Pi, C in square C lies between Pc and Pd. 
The que stion of correlation of Pi is of course based upon only a finite 
number of sampling repetitions, hence is subject to the usual sampling 
variation. It should be further noted that each annual increment selected 
four this study constitutes a separate population, each with its particular 
"true" population correlation coefficient. Hence, any empirical corre- 
lotion coefficient obtained by averaging over empirical ring correlations 
is in effect an estimate of the average of the true population correlation 
coefficients. 
The correlogram analysis reveals some aspects of the cambial re-
sponse. For example, if the stimulated cells were laid down in suffi-
ciently large clumps, correlation between proximate squares would be 
expected to be higher than correlation between more distant squares. If 
the reaction was more diffuse, the previously described independence 
would obtain. The data (Figure 4) suggest that there is positive correla-
tion between adjacent squares and negative correlation between distant 
squares. It may be noted that negative correlation between distant 
squares might indeed be expected to occur under "clumping, " since, if a 
certain clump of stimulated cells occurs, say in grid square A, it is 
automatically excluded from grid square E. 
It must also be recognized that marked histological population differ-
ences can occur, for example when there are abrupt variations in the 
reaction response of a given increment. The stimulated cells may start 
or stop abruptly. This, however, is presumably due to discontinuity in 
the stimulus rather than particulate distribution. This may be a factor 
in the void of stimulated cells which often appears at the annual terminus. 
It maybe of interest to close this section with two technical comments 
alluded to in the above discussions. 
1 . Significance of the correlation coefficients in Figure 4: 
z = 1~2 [ln(1 + r) - ln(1 - r)] 
dz~dr = 1~2 [ 1 + 
llr 
] 1 l ry ' 
l+r 
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where Z = the normal transformation of r 
r = sample correlation coefficient 
p = population correlation coefficient 
Var(r) _ (Var z) (8r~az I p)Z (Volk, 1958, p.141) 
Var(r) _ (1~(n-3)) (1 -r Z I p)Z, where we estimate p by r. 
k -r2
SD = where SD(r) = standard deviation of r 




where (r15) is an average of 15 numbers. 
2 SD(r15) defines an approximate 95% confidence interval around 
the zero line. In the case of Figure 4 the half length is 0.2188. 
The magnitude of the adjacent and most distance correlation 
coefficients is about 0. Z3. They are significantly different 
from zero. 
2. Potential usefulness of the negative correlation between distant 
grid squares: 
Var(X+Y) = Var(X) + Var(Y) + 2 Cov. (X, Y) (Snedecor, 1956, 
p. 168) 
Where Cov. (X, Y) = pxy ~Var(X) Var(Y) 
In this case pxy is negative, and hence Var(X+Y) is reduced. 
These comments indicate that, in this case, random sampling might 
be improved upon, since the addition of negatively correlated quantities 
actually leads to lower variance. This could be accomplished by develop-
ing a sampling system which utilizes the negative correlation between 
distant squares. 
Efficiency of weighted means 
In this phase of the study a single grid system was analyzed in its 
entirety, i, e. data were recorded in each of the 100 grid squares. Tree 33 
from plot 5 was used in this study, and the data are recorded in Table 4. 
Table 4. Complete grid system analysis of tree 33. 
Lean 
Weighted population mean 
Weighted sample mean 
Unweighted population mean 
Unweighted population variance 
Sample estimate of population variance 
Variance of sample means 
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An unweighted population variance was obtained in the following way: 
1 . A proportion Pi - gi~ni was computed for each individual grid 
square where gi =number of gelatinous-walled cells and 
ni =total number of cells in the square. 
2. A variance of these 100 Pi's was computed as follows: 
2 
E(Pi-P)t 
~ _  
N - 1 
where N = 100 
— E Pi 
P = 
100 
A weighted sample was obtained in the following way: 
1. Twenty samples of eight grid squares each were randomly 
drawn off the grid system. 
2. A sample mean for each sample was computed as follows: 
8 





This is the total number of gelatinous-walled cells in all eight 
squares divided by the total number of cells in all eight squares. 







- P )t 
k-1 
where k = number of samples of eight squares = 20 
Pi = proportion of stimulated cells in the ith sample 
P = mean proportion of stimulated cells of all k samples 
E Pi 
20 
4. From the above sample mean variance it is possible to obtain 
an estimate of the population variance: 
6z = St Nn 
`"~ N-n 
(Snedecor, 1956, p.497) 
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where 6w is the estimate of the population variance 
S2 is the variance of the sample means 
N = 100 = total number of squares in the population 
n = 8 = number of grid squares per sample. 




where V =binomial variance 
P =population proportion of gelatinous fibers 
Q = (1-P) 
n =average number of cells per grid square 
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This binomial variance is actually of pseudobinomial character because 
of the random character. 
For tree 33; s2 = 0.002475, ~?,~ = 0.02152, v 2 = 0.0493, and V 
0.00763. A 95%confidence interval can be computed around the estima-
ted population variance calculated from the weighted sample means. 
This yields: 
Nn 





< S2 (N-n) 19 
~0 .975 
0.01245 < ~~, < 0.04589. 
Note that this interval does not include theunweighted population variance 
(v2 = 0.0493). Efficiency is gained by using weighted sample means. 
R.E.= 
62 = 0.0493 = 2.291 
~2 0.02152 
w 
This represents a gain in efficiency of 129%. An approximated 95% CI 
around the efficiency is: 
0.0493  > Ef ~ 0.0493 
0.01245 
— 
— 0.04589 ~ 
hence 
1 .074 < E < 3.960 
— f — 
Weighted sample means were used in this study. This section also 
reveals that sampling variance was not binomial. This latter point will 
be further clarified in the following section. 
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Investigating the advisability of a transformation 
When dealing with proportions, especially with proportions subject to 
substantial variation, it is often advantageous to transform the data to 
some more stable scale of measurement. However, a transformation 
offers certain dangers to the exactitude of inferences. This is especially 
relevant when the denominator of the proportion varies. The data in this 
study are of the form gi~ni = Pi, where gi is the number of anomalous 
cells and ni is the total number of cells for that unit. The ni's vary 
slightly and the Pi's vary from zero to one. In this situation a useful 
transformation should meet the following stipulations: 
1 . The situation should be such that the variance is a function of 
P (V(P)) where P is the population mean. 
2. The variance should be stabilized, i.e. V T,(P) ,,, VT, where VT 
is the variance of the transformation. 
3. Inference on APT should be "similar" to inference on OP, i.e. 
the differences in the population means should be similar for 
the transformation and untransformed case. This stipulation 
suggests the employment of a single monotone transformation 
applied to all Pi's. 
4. In view of Stipulation No. 2, VT(P) TV  and not much 
'JV(P~ DI'T N OPT
greater than   . 
DP 
This stipulation requires that the transformation be such that 
it does not inflate the variance at the expense of sharpness of 
inference on P. 
Weighting transformed values by ~ni, the square root of the total 
number of cells in a sample, poses a danger to the validity of inference 
as outlined in Stipulation No. 3. 
A study of the nature of the variances was designed in order to deter-
mine the advisability of a transformation. The question to be resolved 
was whether to use the untransformed Pi, '~/ t'1, or sin-1 ~/ ri. 
The aresine is a commonly used transformation for proportions. This 
transformation weights more heavily the small percentages which have 
small variance if the distribution is of the binomial form. 
Figure 5 was derived from the five rings used in the correlogram 
study. The data are presented in Table 5. The variances of Pi, Pi, 
and sin -1 Pi were computed for each of the five rings. In addition a 
pseudobinomial variance was computed for each ring from the well known 
formula V = pq~n, 
where p = proportion gelatinous fibers, 
q = (l - P). 
n = average number of cells per replication (15 squares. 
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ARC SINE TRANSFORMED VARIANCE 
-- SAMPLE VARIANCE 
------- SQ, ROOT TRANS. VARIANCE 
--- BINOMIAL VARIANCE 
.000 
0,20 0.30 0,40 0,50 0.60 0.70 
PROPORTION GELATINOUS FlBERS PER RING 
Figure 5. Relationships between the variances of transformed and 
untransformed data from the correlogram study, 
Table 6 consists of combined data from field plots 1 and 5, On each 
tree an average proportion of gelatinous fibers was computed, This 
included nine grid systems, three from each of the three annual incre-
ments, Proportions were also computed for each of the 9 grid systems 
and variances of these proportions and the transformations thereof were 
recorded in the table. Figure 6 is the graphic representation of this 
data, 
Table 7 and Figure 7 illustrate the mathematical relationships be-
tween the three forms of the data, These data were also taken from field 
plots 1 and 5. Essentially, this involves plotting Pi, '~It'1, sin-1 ti rl 
against Pi. 
The plots of the variances, Figures 5 and 6, show that Stipulation 1 
does not hold. The variance doesn't depend on P (the mean. On a ratio 
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Table 5. Variance in relation to proportion gelatinous fibers from 
correlogram study. 
Proportion Variance Variance of Variance of Binomial 
gelatinous of square roots arc sines of variance of 
fibers proportions of proportions proportions proportions 
0.22642 0.02490 0.00275 0.00350 0.00080 
0.28426 0.00092 0.00075 0.00112 0.00097 
0.45099 0.00553 0.00312 0.00562 0.00119 
0.47681 0.00056 0.00025 0.00050 0.00113 
0.74928 0.00208 0.00175 0.00275 0.00073 
Table 6. Variance computations on individual tree basis for plots 1 
and 5. 




fibers V(Pi) V( Pi V(Sin-i r~Pi) 
1 - 6 - 2 0.02987 0.000501 0.00803 0.00817 
5 - 31 - 3 0.0000 0.0000 0.0000 0.0000 
1 - 3 - 4 0.4221 0.0331 0.0170 0.0397 
5 - 30 - 5 0.0000 0.0000 0.0000 0.0000 
1 - 13 - 6 0.5803 0.0975 0.0580 0.1231 
5 - 34 - 6 0.09478 0.00710 0.01882 0.02105 
1 - 12 - 8 0.7890 0.0176 0.0058 0.032 
5 - 29 - 0 0.3283 0.0254 0.0215 0.0316 
1 - 5 - 10 0.9188 0.0050 0.0014 0.0144 
1 - 4 - 12 0.8121 0.0128 0.0043 0.0272 
5 - 33 - 12 0.7960 0.0244 0.0082 0.0459 
1 - 8 - 14 0.9364 0.0176 0.0056 0.0424 
5 - 32 - 15 0.8230 0.0310 0.0107 0.0715 
1 - 11 - 16 0.9281 0.0033 0.0009 0.0111 
1 - 7 - 17 0.9107 0.0061 0.0017 0.0256 
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Figure 6, Relationship between the variance of transformed and 
untransformed data from plots 1 and 5. 
basis the arc sine transformation does impart some variance stabiliza-
tion as shown in Figure 5. That is, the ratio of the highest graph point 
to the lowest graph point is smaller for the arc sine than for the Pi or 
^/~Pi. The square root is the poorest in this respect. In Figure 6 the un-
transformed variance is about as stable as the arc sine while the square 
root is again considerably less stable. The square root transformation 
deflates the standard deviation VT P). However, it also 
deflates OPT, the differences in means. This is shown in Figure 7. The 
differences are deflated for three -fourths of the abscissa values. This 
can be shown as follows: 
when 
i 
y = xa 
dy~dx = ?x-z 
i 
Zx- a = 1, x = i 4 
This shows that the maximum point of the square root curve above the 
straight line Pi curve occurs at one-fourth of the x range. Hence, for 
three -fourths of the x range the differences of the means are deflated. 
The arc sine does accentuate the OPT. 
Variances are nororiously variable. This of course is evident in 
Figures 5 and 6. For Figure 5 an approximate 95°Jo confidence interval 
has half length approximately equal to: 
f 2 2~4 = 6Z~8 = ~Z 
n (Snedecor, 1956, p. 73) 
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P, 
Figure 7. Mathematical relationshipa between transformed and 
untransformed data from plots 1 and 5. 
This should be considered when studying this graph. The half length of 
the confidence interval is approximately equal to the ordinate magnitude. 
It is apparent that transformations are not desirable in this case. 
Transformations may validate the use of a specific statistical technique, 
but may do so at the expense of a considerable amount of information. 
Conclusions drawn from such transformed data may have little biological 
validity. 
Cytohistological observations 
During the histological analysis, the width o1.f each annual increment 
and the number of cells observed in each experimental unit were recorded 
for 294 annual increments from 84 different trees. After the analytical 
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Table 7. Mean values with transformations taken from plots 1 and 5. 
Pi ~Pi Sin-1 ~Pi 
0.0128 0,1132 0.113 
0.1222 0.3496 0.357 
0.2237 0.4730 0.493 
0.2459 0.4959 0.519 
0.3267 0.5716 0.608 
0,4054 0.6367 0.690 
0.5289 0.7273 0.814 
0.6667 0.8165 0.955 
0, 8298 0.9109 1.146 
0.9009 0.9492 1.251 
0.9767 0.9883 1.418 
1.0000 1.0000 1.571 
study of the data form, statistical examination of the microscopic data 
was conducted for cell number, ring-width, and proportion of gelatinous 
fibers. Ring-width refers to the radial tissue growth of the xylem in 
millimeters, which occurred during a specific year of interest. The 
"cell number" designation refers to the number of xylem fiber tracheids 
(in transection~ contained in the 24 grid squares analyzed per tree (eight 
grids per annual increment. With this measurement it is not possible 
to ascribe variations to fibers or vessels exclusively; nevertheless, it is 
a general measure of transverse cellular dimensions. 
Microscopic observations indicate that, in general, with a given stim-
ulus, smaller annual increments contain fewer stimulated cells, and 
below some threshold no gelatinous material is synthesized, regardless 
of the magnitude of stimulation. This trend is illustrated by Figures 8-
12. Figure 8 shows the cambium and the last deposited annual increment 
of xylem. Note that the population of gelatinous fibers in the most recent 
increment is sparse. Figure 9 is a picture of the same slide as shown in 
Figure 8. The photomicrograph shows the radial extent of ring 2 and 
parts of rings 1 and 3. The population of stimulated cells increases in 
ring 2 (which is somewhat larger than ring 1) and becomes greater in the 
much larger ring 3 (lowest increment. A sequence of 2 or more border-
line years often occurs before depression of reaction takes place. Time 
can thus substitute for ring width in the depression of reaction. Figure 
10 also depicts the cessation of gelatinous fiber initiation in a small 
growth increment. Figures 11 and T2 illustrate a sequence from the 
same slide. In Figure 12 the effects of both time and growth factors on 
the anatomical expression of the reaction phenomenon are evident. Pro-
ceeding toward the cambium there is progressive depression in rings of 
equal size and extreme depression in the very small (and more recent 
annual increment. 
Figures 13, 14 and 15 are from three different leaning trees. These 
slides and other observations indicate that the initiation of the gelatinous 
layer occurs immediately subjacent to the cambial zone. Presumably 
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Figure 8. Transverse section showing the cambium and most recent 
annual increment of xylem. 46x. 
Figure 9. Transverse section from same preparation shown in Fig. 8 
illustrating portions of the first, second and third xylem 
increments (from the cambium. 46x. 
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Figure 10. Transverse section showing cambium and subjacent xylem, 
75x. 
Figure 11. Transverse section showing cambium and subjacent xylem. 
75x. 
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Figure 12. Transverse section showing response variation. 46x. 
Figure 13. Transverse section illustrating the proximate differentiation 
of the gelatinous layer with respect to the cambium. 400x. 
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Figure 14. Transverse section of the cambium and subjacent gelatinous 
fibers. 920x. 
Figure 15. Transverse section again depicting the early appearance of 
the gelatinous layer. 920x, 
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Figure 16, Transverse section showing cytological features of the 
stimulated cell. 600x. 
Figure 17. Transverse section of reaction tissue taken with polarized 
light. 600x. 
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induction occurs even earlier. The cytological features of the stimulated 
cell wall are further depicted in Figures 16 and 17. Figure 17 was taken 
with the polarized light and the opaque appearance of the gelatinous 
material is due to the axial orientation Df the cellulose micelles. Note 
that an enveloping, darker staining layer occurs on the margins of the 
gelatinous layers. Buckling of the gelatinous layer often occurs at pit 
loci which feature disruption of micellar direction (cf. Figure 16). There 
is often the suggestion of depressed vessel size in annual rings containing 
a substantial proportion of gelatinous fibers, but this may be concomitant 
variation with increased radial growth. 
Analyzing triplets 
Individual regressions for ring width and for cell number were com-
puted for each tree. Since three annual rings were analyzed per tree, a 
series of triplets arose. For ring width there were only 3 significant 
F-statistics from 93 triplets (see Table 8). Since 5% significant F's or 
is 
would be expected by chance alone, no obvious relationship between 
ring width and proportion of gelatinous fibers was revealed by standard 
regression methods. The situation was similar for cell number. As 
shown in Table 9 there were only 4 significant F's out of 90 triplets. 
However, despite the low magnitude of the F- and t-statistics, the signs 
of the regression coefficients for both ring width and cell number are 
decidedly positive. Specifically, there are 64 positive and 29 negative 
regression coefficients for ring width, and 66 positive and Z4 negative 
regression coefficients for cell number. These splits of the distributions 
are both significant beyond the 1% level (Ostle, 1954, p.453; Wallis and 
Roberts, 1956, p. 598). 
The development of a series of "t" values (which are individually sign 
sensitive)permits the observationof the cumulativedistribution functions 
(CDF) for "t" and comparison of this empirical distribution with the null 
distribution of "t" via theKolmogoroff-Smirnoff test. The seobservations 
are found in Tables 10-12 and Figures 18 and 19. The following formula 
gives the approximate critical values of the maximum vertical deviation 
of the empirical from the null distributions at the specified level: 
s = / 1 log a 
NNN 2n where a is the level of the test 
and n is the sample size. 
The above formula and the tabulation of Kolmogoroff's statistic have been 
published by Birnbaum (1952) and Birnbaum and Tingey (1951). For ring 
width the maximum discrepancy is 0:21 and this can be compared to the 
0.1% level of 0.193 for Kolmogoroff's statistic. For cell number the 
observed discrepancy is 0. Z3 as compared to a 0. 1% level of 0.195. The 
discrepancy is somewhat greater with respect to cell number. These 
results indicate that high proportion of gelatinous fibers is associated 
with larger annual increments and smaller cell size (in transection). 
These results do not materialize in the standard tests of hypothe ses 
(except the sign test) because traditional methods examine only the tails 
of the empirical t-distributions. Here the shift in the distribution oc-
curred in the central portion of the distribution. In fact, the empirical 
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Table 8. Regression coefficients, t, and F values for ring width. 





1 - 3 - 2 -0.008948 4.176 -2.0435 
1 - 4 - 2 -0.000041 0.004 -0.0632 
1 - 5 - 2 0.000861 3.180 1 .7832 
1 - 6 - 2 0 
1 - 7 - 2 0.000705 1.187 1.0895 
1 8 - 2 -0.0003961 0.2759 -0.5253 
1 11 - 2 0.000334 0.362 0.6017 
1 12 - 2 0.000565 0.036 0.1897 
1 13 - 2 0.000494 0.0018 0.0424 
2 - 55 - 1 0.000836 0.7274 0.8529 
2 - 55 - 2 0.005418 9.320 3.0529 
2 - 55 - 3 0.003456 2.6582 1.9126 
2 - 56 - 1 0.000974 0.2256 0.4750 
2 - 56 - 2 -0.007360 0.369 -0.6075 
2 56 - 3 0.000574 17.8674 4.2770 
2 - 57 1 0.000382 
2 57 2 0.002157 0.652 0.8075 
2 57 - 3 -0.001766 1.9296 -1.3891 
2 - 57 - 1 0.001176 0.7872 0.8873 
2 - 58 - 2 0.000757 0.700 0.8367 
2 58 - 3 0.002928 0.3617 0.6014 
2 59 - 1 0.000181 0.0997 0.3158 
2 - 59 - 2 0.000025 0.032 0.1789 
2 - 59 - 3 0.000099 1.5349 1.2389 
2 - 60 - 1 -0.000072 0 -0 
2 60 - 2 -0.001941 0.500 -0.7071 
2 - 60 - 3 -0.000198 5,8000 -2.4083 
2 - 61 - 1 -0.000108 4.4909 -2.1190 
2 61 - 2 0.000270 0.1287 0.3687 
2 61 - 3 -0.000765 9.5541 -3.0910 
3 - 22 - 2 0.001466 1.935 0.4399 
3 - 23 - 2 0.001616 0.2645 0.5143 
3 - 24 - 2 0.017301 0.813 0.9017 
3 - 25 - 2 0.000901 0.931 0.9649 
3 - 26 - 2 -0.000995 2.961 -1.7208 
3 - 27 - 2 0.001658 0.649 0.8056 
3 - 28 - 2 0.000848 0.502 0.7085 
5 - 29 - 2 0.002654 20.753 4.5555 
5 - 30 - 2 --
5 - 31 - 2 -- -- --
5 - 32 - 2 -0.0002650 0.323 -0.5683 
5 - 33 - 2 0.003573 11.603 3.4063 
5 - 34 - 2 0.002142 2.025 1.4230 
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Table 8. (continued 





9 - 50 - 2 -- __ __ 
9 - 51 - 2 0.000288 35.5581 5.9650 
9 - 52 - 2 -0.000289 0.6364 -0.7977 
9 - 53 - 2 -0.001921 45.0569 -6.7124 
9 - 54 - 2 -0.000001 0 -0 
10 - 105 - 2 0.000436 3.8534 1,9630 
10 - 106 - 2 0.003899 8.0504 2.8373 
10 - 107 - 2 0.000597 0.0253 0,1591 
10 - 108 - 2 
12 - 109 - 2 -0.003310 2.3007 -1.5168 
12 - 110 - 2 0.001440 62.533 7.907 
12 - 111 - 2 0.005118 40.8262 6.3895 
12 - 112 - 2 0.002085 1, 3360 1,1559 
12 - 113 - 2 0.003307 o. 7660 0.8752 
13 62 - 2 0.000805 0.072 0.2683 
13 - 63 - 2 0.003044 0.754 0.8683 
13 - 64 - 2 -0.000142 0.0545 -0.2334 
13 - 66 - Z -0.000547 0.107 -0.32?1 
13 - 68 - 2 -0.000456 0.666 -0.8161 
13 - 69 - 2 -0.000062 0.372 -0.6099 
13 - 67 - 2 0.002747 7.477 2.7344 
14 - 75 - 2 0.000062 1,5.89 1.2606 
14 - 76 - 2 0.002442 241.833=~ 15,5510 
14 °- 77 - 2 -0.000048 0.320 -0.5657 
14 - 78 - 2 0.000055 0.0920 0.3033 
14 - 79 - 2 0.001717 12.505 3.5362 
14 - 80 - 2 0.003866 9.744 3.1215 
16 - 93 - 2 0.003030 19.558 4.4224 
16 - 94 - 2 -0.00808? 32.392 -5.6914 
16 - 95 - 2 0.004122 0.064 0.25308 
16 - 96 - 2 -0.020888 1.043 -1.0213 
16 - 97 - 2 -0.000005 0.100 -0.3162 
16 - 98 - 2 0.001525 4, 737 2.1765 
18 - 81 - 2 0.005179 69,693 8.3482 
18 - 82 - 2 0.001383 0.225 0.4743 
18 - 83 - 2 0.000023 3,645 1.9092 
18 - 84 - 2 0.001140 0.110 0.3317 
18 - 85 - 2 0.002960 0.831 0.9116 
18 - 86 - 2 -0.001386 0.061 -0.2470 
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Table 8. (continued 




value s t 
20 - 87 - 2 0.000147 4.026 2.006 
20 - 88 - 2 0.002116 114.460 10.6986 
20 - 89 - 2 0.004022 14.669 3.8300 
20 - 90 - 2 0.002638 314,706 17.7400' 
20 - 91 - 2 -0.000059 0.052 -0.2280 
20 - 92 - 2 0.002217 11.294 3.3607 
22 - 99 - 2 0.003263 52.183 7.2238 
22 - 100 - 2 0.000686 0.990 0.9950 
22 - 101 - 2 0.008182 21.448 4.6312 
22 - 102 - 2 0.002822 3.407 1.8458 
22 - 103 - 2 -0.005910 0,958 -0.9788 
22 - 104 - 2 -0.007606 0.464 -0.6812 
23 - 70 - 2 0.000281 18.9333 4,3512 
23 - 72 - 2 0.000083 16.3000 4.0373 
23 - 73 - 2 0.007994 104.3256 10.2140 
23 - 74 - 2 -0.000014 0.0230 -0.15166 
Table 9. Regression coefficients, t, and F values for cell number. 





1 - 3 - 2 0.003039 0.444 0.6663 
1 - 4 - 2 0.000118 0.009 0.094868 
1 - 5 - 2 -0.004829 0.232 -0.4816638 
1 - 6 - 2 -0.000275 0.1743 -0,4175 
1 - 7 - 2 0.000930 6800.00 '~'~ 82.46211 ~ 
1 - 8 - 2 0.000446 0.1013 0.317645 
1 - 11 - 2 0.000212 0.103 0.3209 
1 - 12 - 2 0.002496 58.844 7.7051 
1 - 13 - 2 0.016353 64.14 8.00865 
2 55 - 1 0.006049 16.0878 4.0094 
2 55 - 2 0.006080 23.993 4.8983 
2 - 55 - 3 0.000259 0.0107 0.1034 
2 - 56 - 1 0.003810 0.22 0.4690 
2 - 56 - 2 -0.028678 0.554 -0.7443 
2 - 56 - 3 -0.000699 91.12 -9.5457 
2 - 57 - 1 -0.041601 0.14 -0.3742 
2 - 57 - 2 0.002204 0.365 0.6042 
2 57 - 3 -0.003872 0.71 -0.8426 
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Table 9. (continued 







2 - 58 - 1 0.002013 0.52 0.7211 
2 - 58 - 2 0.003125 61.982 7.8729 
2 - 58 - 3 0.004235 14.74 3.8393 
2 - 59 - 1 0.003198 0.30 5.4772 
2 - 59 - 2 0.00027944 0.419 0.6473 
2 59 - 3 -0.00269 1.52 -1.2329 
2 - 60 1 0.000969 0.54 0.7348 
2 - 60 2 -0.00169106 53.941 -7.3445 
2 - 60 - 3 -0.000121 0.15 -0.3873 
2 - 61 - 1 0.000145 8.44 2.9052 
2 61 - 2 0.000596 0.84 0.9165 
2 61 - 3 -0.002305 3.12 -1.7664 
3 - 22 - 2 0.0039663 45.123 6.7174 
3 - 23 - 2 0.01000615 2.559 1.5997 
3 - 24 - 2 0.0095537 1.740 1.3191 
3 - 25 - 2 0.00040841 1.251 1.1185 
3 - 26 - 2 -0.00114449 0.885 -0.9407 
3 - 27 - 2 0.0009229 2.173 1.4741 
3 - 28 - 2 0.00028618 0.007 0.08367 
5 - 29 - 2 0.001888 945.25 30.7449 
5 - 30 - 2 --
5 - 31 - 2 -- -- _-
5 - 32 - 2 -0.00007820 0.0143 -0.1196 
5 - 33 - 2 0.00351462 9.6544 3.1072 
5 - 34 - 2 0.0018316 0.965 0.9823 
9 - 50 - 2 
9 - 51 - 2 0.000422 6.98 2.6430 
9 - 52 - 2 -0.000424 4.62 -2.1494 
9 - 53 - 2 -0.000224 0.002 -0.04472 
9 - 54 - 2 0.000133 0.563 0.7503 
10 - 105 - 2 0.000639 1.92 1.3856 
10 - 106 - 2 0.002276 0.103 0.3209 
10 - 107 - 2 0.006339 51.738 7.1930 
10 - 108 - 2 
12 - 109 - 2 0.002485 0,16 0.4000 
12 - 110 - 2 0.002212 9.44 3.0724 
12 - 111 - 2 0.013801 17.75 4.2131 
12 - 112 - 2 0.008821 456.98 21.3775 
12 - 113 - 2 0.013022 3.94 1.9849 
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Table 9. (continued 
Regression F t 
Plot - tree - core coefficient values values 
13 - 62 - 2 -0.003987 0.489 -0.6992 
13 - 63 - 2 -0.048018 4.624 -2.1503 
13 - 64 - 2 -0.0002557 4.17 -2.0420 
13 - 66 - 2 0.0011815 68..292 8.2639 
13 - 67 - 2 0.0029061 1.302 1.1410 
13 - 68 - 2 0,00050078 0.289 0.5376 
13 - 69 - 2 0.00033704 13.750 3.7081 
14 - 75 - 2 0.00010181 35.825 5.9904 
14 - 76 - 2 0.0044186 1.059 1.0291 
14 - 77 - 2 -0.00004024 0.488 -0:6986 
14 - 78 - 2 0.00041748 2.320 1.5231 
14 - 79 - 2 0.0025512 9.057 3.0095 
14 - 80 - 2 0.0066757 68.547 8.2793 
16 - 93 - 2 0.003776 8.390 2.8966 
16 - 94 - 2 0.0008196 0.250 0.5000 
16 - 95 - 2 0.003532 0.029 0.1703 
16 - 96 - 2 0.005994 4.482 2.1171 
16 - 97 - 2 -0.0003158 4.500 -2.1213 
16 - 98 - 2 0.002837 2.440 1.5621 
18 - 81 - 2 0.004534 3.499 1.8706 
18 - 82 - 2 -0.0025797 0.385 -0.6205 
18 - 83 - 2 0.00004333 0.300 0.5477 
18 - 84 - 2 0.00307010 0.157 0.3962 
18 - 85 - 2 0.00241199 169.921 13.0354 
18 - 86 - 2 0.00400271 3.545 1.8828 
20 - 87 - 2 0.00013621 0.471 0.6863 
20 - 88 - 2 0.00126927 0.030 0.1732 
20 - 89 - 2 0.00539335 3.509 1.8732 
20 - 90 - 2 0.00485051 50.222 7.0867 
20 - 91 - 2 -0.000065 0.012 -0.1095 
20 - 92 - 2 0.00011941 0.023 0.1516 
2Z - 99 - 2 0.00829010 11.712 3.4223 
22 - 100 - 2 -0.00025851 0.082 -0.2864 
22 - 101 - 2 0.01274355 24.568 4.9566 
22 - 102 - 2 0.00460761 1.434 1.1975 
22 - 103 - 2 -0.0028318 0.678 -0.8234 
22 - 104 - 2 -0.0013459 0.099 -0.3146 
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Table 10. Values for the null distribution of t for one degree of 
freedom.l





















0. 5 0.64758 0.35242 3.6 0.91376 
0. 6 0.67202 3.7 0.91598 
0.7 0.69440 3. 8 0.91809 
0. 8 0.71478 3.9 0.92010 
0.9 0.73326 4.0 0.92202 0.07798 
1.0 0.7500 0.2500 4,2 0.92560 
1,1 0,765p5 4,4 0.92887 
1.2 0.77886 4. 6 0.93186 
1,3 0.79129 4. 8 0.93462 
1,4 0.80257 5. 0 0.93717 0,06283 
1.5 0.81283 0.18717 5.2 0.93952 
1.6 0.82219 5.4 0.94171 
1.7 0.83075 5.6 0.94375 
1,8 0.83859 5. 8 0.94565 
1.9 0.84579 6. 0 0.94753 0.05247 
2.0 0.85242 0.14758 6. 2 0.94910 
2.1 0.85854 6.4 0.95066 
2.2 0.86420 6. 6 0.95214 
2. 3 0.86934 6.8 0.95352 
2.4 0.87433 7.0 0.95483 0.04517 
2.5 0.87888 7.2 0.95607 
2. 6 0.88313 7.4 0.95724 
2.7 0.88709 7.6 0.95836 
2. 8 0.89081 7. 8 0.95941 
2. 9 0.89430 8.0 0.96042 0.03958 




1 From Pearson and Hartley (1954, p, 132). 
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Table 11. Cumulative distribution of t values for cell number. 
Index t value CDF Index t value CDF 
1 -9.5457 0.01111 46 0.7503 0.51111 
2 -7.3445 0.02222 47 0.9165 0.52222 
3 -2.1503 0.03333 48 0.9823 0.53333 
4 -2.1494 0.04444 49 1.0291 0.54444 
5 -2.1213 0.05555 50 1.1185 0.55555 
6 -2.0420 0.06667 51 1.1410 0.56667 
7 -1.7664 0.07778 52 1.1975 0.57778 
8 -1.2329 0.08889 53 1.3191 0.58889 
9 -0.9407 0.10000 54 1.3856 0.60000 
10 -0.8426 0.11111 55 1.4741 0.61111 
11 -0.8234 0.12222 56 1.5231 0.62222 
12 -0.7443 0.13333 57 1.5621 0.63333 
13 -0.6992 0.14444 58 1.5997 0.64444 
14 -0.6986 0.15555 59 1.8706 0.65555 
15 -0.6205 0.16667 60 1.8732 0.66667 
16 -0.48166 0.17778 61 1.8828 0.67778 
17 -0.4175 0.18889 62 1.9849 0.68889 
18 -0.3873 0.20000 63 2.1171 0.70000 
19 -0.3742 0.21111 64 2.6420 0.71111 
20 -0.3146 0.22222 65 2.8966 0.72222 
21 -0.2864 0.23333 66 2.9052 0.73333 
22 -0.1196 0.24444 67 3.0095 0.74444 
23 -0.1095 0.25555 68 3.0724 0.75555 
24 -0.04472 0.26667 69 3.1072 0.76667 
25 0.08367 0.27778 70 3.4223 0.77778 
26 0.094868 0.28889 71 3.7081 0.78889 
27 0.1034 0.30000 72 3.8393 0.80000 
28 0.1516 0.31111 73 4.0094 0.81111 
29 0.1703 0.32222 74 4.2131 0.82222 
30 0.1732 0.3333 75 4.8983 0.83333 
31 0.317645 0.34444 76 4.9566 0.84444 
32 0.3209 0.35555 77 5.4772 0.85555 
33 0.3209 0.36667 78 5.9904 0.86667 
34 0.3962 0.37778 79 6.7174 0.87778 
35 0.40000 0.38889 80 7.0867 0.88889 
36 0.4690 0.40000 81 7.1930 0.90000 
3? 0.50000 0.41111 82 7.7051 0.91111 
38 0.5376 0.42222 83 7.8729 0.92222 
39 0.5477 0.43333 84 8.00865 0.93333 
40 0.6042 0.44444 85 .8.2639 0.94444 
41 0.6473 0.45555 86 8.2793 0.95555 
42 0.6663 0.46667 87 13.0354 0.96667 
43 0.6863 0.47778 88 21.3775 0.97778 
44 0.7211 0.48889 89 30.7449 0..98889 
45 0.7348 0.50000 90 82.46211 1.00000 
Table 12. 
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Cumulative distribution of t values for ring width. 
401 
Index t value CDF Index t value CDF 
1 -6.7124 0.01075 47 0.8056 0.50537 
2 -5.6914 0.02150 48 0.8075 0.51612 
3 -3.0910 0.03225 49 0.8367 0.52688 
4 -2.4083 0.04301 50 0.8529 0.53763 
5 -2.1190 0.05376 51 0.8683 0.54838 
6 -2.0435 0.06451 52 0.8752 0.55913 
7 -1.7208 0.07526 53 0.8873 0.56989 
8 -1.5168 0.08602 54 0.9017 0.58064 
9 -1.3891 0.09677 55 0.9116 0.59139 
10 -1.0213 0.10752 56 0.9649 0.60215 
11 -0.9788 0.11827 57 0.9950 0.61290 
12 -0.8161 0.12903 58 1.0895 0.62365 
13 -0.7977 0.13978 59 1.1559 0.63440 
14 -0.7071 0.15053 60 1.2389 0.64516 
15 -0.6812 0.16129 61 1.2606 0.65591 
16 -0.6099 0.17204 62 1.4230 0.66667 
17 -0.6073 0.18279 63 1.7832 0.67741 
18 -0.5683 0.19354 64 1.8458 0.68817 
19 -0.5657 0.20430 65 1.9092 0.69892 
20 -0.5253 0.21505 66 1.9126 0.7096? 
21 -0.3271 0.22580 67 1.9630 0.72043 
22 -0.3162 0.23655 68 2.0060 0.73118 
23 -0.2470 0.24731 69 2.1765 0.74193 
24 -0.2334 0.25806 70 2.7344 0.75268 
25 -0.2280 0.26881 71 2.8373 0.76344 
26 -0.15166 0.27956 72 3.0529 0.77419 
27 -0.0632 0.29032 73 3.1215 0.78494 
28 0 0.30107 74 3.3607 0.79569 
29 0 0.31182 75 3.4063 0.80645 
30 0.0424 0.32258 76 3.5362 0.81720 
31 0.1591 0.33333 77 3.8300 0.82795 
32 0.1789 0.34408 78 4.0375 0.85870 
33 0.1897 0.35483 79 4.2770 0.84946 
34 0.2530 0.36559 80 4.3512 0.86021 
35 0.2683 0.37634 81 4.4224 0.87096 
36 0.3033 0.38709 82 4.5555 0.88172 
37 0.3158 0.39784 83 4.6312 0.89247 
38 0.3317 0.40860 84 5.9650 0.90322 
39 0.358? 0.41935 85 6.3895 0.91397 
40 0.4399 0.43010 86 7.2238 0.92473 
41 0.4743 0.44086 87 7.9070 0.93548 
42 0.4750 0.45161 88 8.3482 0.94623 
43 0.5143 0.46236 89 10.2140 0.95658 
44 0.6014 0.47311 90 10.6986 0.96774 
45 0.6017 0.48387 91 15.5510 0.97849 
46 0.7085 0.49462 92 17.7400 0.98924 
03 1.00000 
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NULL 
EMPIRICAL 
Figure 18. Empirical and null t -distributions for ring width. 
NULL 
----- EMPIRICAL 
Figure 19. Empirical and null t-distributions for cell number. 
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and null distributions actually cross (if fully plotted) in the tails of the 
curves. The Kolmogoroff-Smirnoff technique revealed these effects be-
cause it scrutinizes all the percentiles of the distributions, i.e. it is a 
multiple comparison procedure for all percentiles. Thus "ring-width" 
and "cell-number" are shown to be positively associated with proportion 
of gelatinous fibers . 
A further elucidation of the nature of the ring-width reaction tissue 
association can be obtained via Youden's D~d outlier criterion (Youden, 
1953). The special case for triplets is relevant. With the statistic, D~d, 
almost no alternative to homogeneity is immune from detection. This 
statistic consists of the larger sequential difference between size-ordered 
triplets (D) divided by the smallest sequential difference between size -
ordered triplets (d). The D~d's were computed for ring width and the 
corresponding analogous statistic, G~g, was computed for the proportion 
of gelatinous fibers. The G~g data were then divided into two approxi-
mately equal groups on the basis of the magnitude of the ring width cri-
terion (D~d). One group consisted of G~g's from triplets where D~d > 3, 
and was termed "outlier." The other group was established on the basis 
of D~d < 3, and was termed symmetric. Both of these groups were tested 
against an expected distribution which was obtained as follows: 
P r (G~g > k) = 6~n (arcos k+1~2 
~/1 +k+k 
(David and Berlyn, 1960) 
An accumulative Chi-square test was employed; the results are pre-
sented in Table 13. For the outlier group the null hypothesis of homo-
geneity was rejected at the 2.5°jo level. The symmetric group had a 
nonsignificant Chi-square. It appears that strong fluctuation in the 
factors which determine diameter growth is associated with equally 
strong fluctuation in the factors that induce the cellular stimulation, Not 
only is it true that the magnitudes of ring width and proportion oaf gelati-
nous fibers are positively associated, but also substantial variations in 
their causative factors are translated. 
Table 13. Cumulative Chi-squares for ring width triplets D~d. l
Grouping s 
Sums A B C D 
Outlier observed 22 9 2 9 42 
Expected 26.75 8.65 3.02 3.57 
Chi-square 0.843 0.014 8.258 8.258 9.46 
Symmetric observed 34 9 5 4 52 
Expected 33.12 10.71 3.74 4.42 
Chi-square 0.03 0.273 0.425 0.041 0.762
ns
1 The groupings in this table are the original groups of Youden 
(1953) except that an additional class, E, was grouped with Class D. 
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Regression Analysis 
Standard multiple linear regression methods were employed to assess 
the relationships among the numerous variables tabulated in this study. 
Average "proportion of gelatinous fibers" per tree was designated as the 
dependent variable for most of these analyses. The multiple linear 
regressions were of two types: composite regressions over 14 plots, 
and individual plot regressions. 
Mensurational considerations 
The independent variables consist of both individual tree factors and 
soil factors. The soils data were compiled by Brendemuhl (cf. Table 1). 
There are six soil factors (including site index) contained in this study. 
There are 11 individual tree factors, which were directly tabulated for 
the study. The tree variables are further dichotomized into external 
and internal morphological characters. The 17 factor array with the 
notation used throughout the study is as follows: 
Xl Linear lean -degrees 
X 2 Stem basal area -square feet 
X3 Total height -feet 
X4 Crown per cent 
X5 Crown volume -cubic feet 
X6 Crown surface area -square feet 
X? Stem volume -total cubic feet 
X$ Proportion gelatinous fibers 
X y Orthogonal quadratic lean (orthogonal to linear lean) 
Xl o Site index 
X11 Average silt plus clay content -per cent 
X12 Available water -per cent 
X13 Foliar nitrogen -per cent 
X14 Nitrifiable nitrogen -pounds per acre - 0.48'i 
X15 Available phosphorus -pounds per acre - 0.48" 
X16 Ring width -millimeters 
Xlz Cell number 
All but three of the factors were compiled by standard methods. Stem 
volume, crown volume, and crown surface area contain some specialized 
aspects. 
Total cubic foot volume was obtained as follows: 
V 
= B.A, xh 
where 
2.37 
B.A. = basal area at breast height 
h = total height 
2.37 = a form factor 
This equation was taken from a regional volume table for cottonwood 
(Gevorkiantz and Olsen, 1955). The total volume calculated in this man-
ner agreed within 1% with the regional table. This method has the ad-
vantage that extra sensitivity is derived from using total height to the 
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nearest foot and diameter to the bearest tenth of an inch, whereas the 
regional table contained heights to the nearest 10 feet and diameters to 
the nearest inch. There was little fluctuation in the form factor in the 
regional table itself. 
Crown volume was computed by that paraboloid formula: 
where 
B.A, x L 
_  
2 
B . A. = basal area of crown 
L = crown length 
C.V. 
Crown surface area was computed from the following equation for the 
surface of a paraboloid: 5
CSA = 
bZ2 




where Z = crown length 
R = geometric mean radius of the base of the crown 
This attribute approximates the potential photosynthetic area of the tree. 
Again the form assumption was empirical. These crown measurements 
are associated with several growth variables as evidenced in Tables 14 
and 15. 
Composite multiple linear regressions 
The composite regressions were computed over the 14 plots. Only 
the total 17 factor analysis will be presented here. Several procedures 
were developed to exclude variables and some shorter analyses we re run 
(cf. Berlyn, 1960). Table 14 contains all the simple correlation coeffi-
cients and Table 15 contains all simple correlation coefficients greater 
than 0.500. Table 16 is the summary table for the regression. 
With only 14 plots the number of soil factors included was limited to 
six in order to obviate unrealistic inflation of R, the multiple correlation 
coefficient, or the unrealistic deflation of the error estimate (cf. Snede-
cor, 1956, p. 445). The following illustrates this consideration. 
where 
a _ SSR 
E, ya 
R2 = multiple linear correlation coefficient 
SSR = sum of squares due to regression 








5 Courtesy Dr. J. A. Greenwood, Iowa State University Statistical 
Laboratory, Ames, Iowa, private communication. 1958. 
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Table 15. Simple correlation coefficients greater than 0.500, 







X6, X 9 
lean, proportion gelatinous fibers 
stem basal area, stem volume 
stem basal area, crown volume 
stem height, stem volume 
crown volume, crown area 
crown volume, stem volume 
crown surface area, quadratic lean 
X16, Xl ~ ring width, cell number 
Xl o, X3 site index, stem height 
Xlo, X11 site index, average silt plus clay 
Xlo, X13 site index, foliar nitrogen 
Xl o, X14 site index, nitrifiable nitrogen 
X11, Xlz average silt plus clay, available water 
X11 X13 average silt plus clay, foliar nitrogen 
X11, X15 average silt plus clay, available P 
Xlz, X13 available water, foliar N 
Xlz~ X15 available- water, available P 



















E~yz -SSR = (1 - Rz) 
E'yz 
Hence, 
The estimate of error = 
E'yz - SSR 
(n -k-1) 
where n = number of units (trees) 
k = total number of factors 
1 = reduction for the constant 
[n 
z 
- 1 ] [error estimate] _ (1 - Rz). 
Y 
Anything that makes Rz unrealistically high makes the error estimate 
unrealistically low. Furthermore a six factor analysis (Xl, X3, X5, X1o. 
and X15 on X8 ) had an Rz of 0.345. The Rz for 1 7 factors was 0.615. 
With the addition of 11 factors there was a 27.0% increase in the explana-
tion of the variation as measured by the sums of squares. It is obvious 
that information was actually lost by excluding variables. It may be of 
interest to compare these percentages with the expected percentage in-
crease in Rz due to the addition of random factors, assuming, say, that 
lean is the only systematic factor in the regression. 
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Summary of composite 17-factor regression analysis. 
Partial 
Variables Means regression 
coefficients ntti 
X1 7.929 0.03525 4.92~~ 
X 2 1.590 -0.35713 1.36 
X3 91.964 0.004637 0.92 
X 4 53.741 -0.002919 1.15 
X 5 14414.516 0.00001595 2.94~~ 
X 6 3411.387 -0.00000795 1.28 
X7 63.712 -0.0002796 0.05 
X q 0.000488 -0.001446 1.31 
Xlo 100.464 0.001363 0.29 
X 11 12.5048 -0. Ol 599 0.71 
X12 80.696 -0.0007894 0.24 
X13 1 .904 -0.27540 1.54 
X14 42.842 0.0001313 0.09 
X15 12.958 0.008825 2.84~~ 
X16 5.764 0.013103 1.10 
X1~ 949.964 0.0003036 1.34 
R2 = 0.614793 
R = 0.784087~~ 
Table 17. Analysis of variance for the 17-factor composite regression 
analysis. 







Due to regrssion 16 5.4686 0.34179 
Deviations about 
regression 67 3.4264 0.05114 
Total 83 8.8950 
F = 6.683~~ 
F . O1 = 2.29 










z + (n-2) 
t2L + k-1 
t2L + n-2 
tZL - 1  +  k 
tZL + n-2 t~L + n-2 
where n = total number of units (trees) in the analysis 
k = total number of factors in the analysis 
LZ = ((3 Z ) (E'xi) = systematic contribution of lean to the numerator 
L of RZ
tL = value of the square of the t-statistic for lean. 
It is seen that the expected percentage increase per additional random 
factor is approximated by 
( 1 100 
`tZL + n - 2 
which equals about 1% in the present study. 
As measured by the magnitude of the t-statistic, lean, crown volume, 
and available phosphorus are highly significantly associated with the 
proportion of gelatinous fibers. Lean is clearly the factor most strongly 
related to the proportion of gelatinous fibers. Graphically the relation-
ship is presented in Figures 20, 21, and 22. Figure 20 is a functional 
plot of all the data. It should be noted that each point is an average of 
three rings. In cottonwood there are few, if any, gelatinous fibers in 
vertical boles, hence the regression lines are terminated at the last 
data points (2° lean). There are two least squares lines on Figure 20, 
one being the regression line for lean alone, and the other line having 
the partial slope (all other factors being evaluated at their respective 
means). Figure 21 is a grouping of the least linear plots, and Figure 32 
is a similar grouping of the most linear plots (i. e. all plots for which 
the relationship between lean and proportion of gelatinous fibers is sig-
nificant beyond the 5% level). Quadratic lean (orthogonal to linear lean) 
was not related to the proportion of gelatinous fibers in these analyses. 
However, the linear functionality of proportion gelatinous fibers with 
lean is not applicable over the entire range of lean values, and it is not 
applicable in every case. 
Crown volume has a highly significant "t" value in the large analysis, 
but its linear correlation coefficient is only 0.053. Furthermore, the 
sign of the regression coefficient shifts from positive to negative with 
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Figure 20. Relation of the proportion of gelatinous fibers to lean for all 
I4 plots. 
the exclusion of variables and the sign also fluctuates from plot to plot. 
The reason for the former is probably exclusion of intercorrelated nega-
tively related variables and the fact that the magnitude of the coefficient 
is initially low. The individual plot variation may be ascribed to the 
fact that crown volume is positively correlated in some cases with good 
growth conditions and in other cases with senescence and decrease in 
diameter growth. Table 18 shows the age and sign distribution for all 
the plots. Although age variation is relatively slight, the two youngest 
plots show positive relationships between crown volume and the propor-
tion of gelatinous fibers, while the two oldest plots show negative rela-
tionships. Note that average proportion of gelatinous fibers per degree 
lean is fairly constant (0. 0523. The only really divergent figure is 
derived from plot 3, which is almost twice the age of the other plots (74 
years approaches senescence for Populus deltoides~. The regression 
coefficient is also negative on this plot. The rate and capacity for reac-
tion and depressed with the onset of maturity and the levelling off of 
diameter growth. 
The t-statistic for available phosphorus was also highly significant 
and the regression coefficient was positive in all analyses. The pH range 
of these soils was 7-8 and this is the range in which phosphorus is most 
available to plants. This observation is striking in view of the fact that 
Brendemuhl~ s study did not show phosphorus to be severely limiting on 
these soils. Since tension wood is associated with increased cellulose 
synthesis this result raises some interesting possibilities which will be 
dealt with in the discussion. 
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rx$ , xl bx8 , xi
9 87 41 0.0579 8,444 2.0 0.376 0.058 
12 88 34 0.0579 19, 386 1. 5 0.712 0.032 
10 89 38 0.0832 16,155 2.0 0.997 0.1235 
2 89 44 0.0439 6,499 14.0 0.039 0.0034 
20 93 56 0.0459 12,893 1.5 0.227 0.0162 
1 95 46 0.0720 63,338 48.0 0.864 0.0500 
5 97 53 0.0415 17,736 1.5 0.961 0.082 
22 100 38 0.0392 6,404 4.5 0.763 0.0234 
18 101 46 0.0647 28,615 3.5 0.810 0.0258 
13 103 34 0.0524 13,255 6.5 0.399 0.0316 
14 112 37 0.0466 12,097 13.5 0.96b 0.0671 
3 113 74~ 0.0188 - 22,186 34.5 -0.781 -0.0280 
16 120 35 0.0756 21,612 10.5 0.801 0.0622 
23 120 46 0.0341 15,066 9.0 0.787 0.0898 
X 100.5 44.5 0.0523 
A number of site and tree growth variables were nagatively (variously) 
correlated with proportion of gelatinous fibers (see Table 16). These 
relationships are contingent upon the size and life cycle stage of the 
individual tree. Timber in varying stages of maturity was used in this 
study. Average ring width is also negatively correlated with many of 
these same variables. Again radial growth is influenced by the same 
factors influencing tension wood. It appears that for the species and 
general age group investigated there is a single standard partial regres-
sion coefficient for proportion of gelatinous fibers and lean, except when 
some critical magnitude of environmental or life cyclic fluctuation is 
exceeded. 
Individual plot analyses 
Individual 4-factor multiple regressions were computed for each plot 
and in addition various graphical techniques were employed. Data from 
this section are voluminous (Berlyn, 1960), and only a representative 
portion will be presented here. Graphs of the proportion of gelatinous 
fibers-lean relationships are presented in Figures 23-32. On the in-
dividual plot graphs only the least square line for lean alone has been 
plotted. The partial slopes have excessive fluctuation, which arises 
because there are only 1 or 2 degrees of freedom for error in the indi-
vidual plot multiple linear regressions. The confidence interval is ex-
tremely large. Note that except for plots 1 and 5 each plotted point is an 
average of three years' response. 
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Figure 21 . Relation of the proportion of gelatinous fibers to lean for 
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Figure 22. Relation of the proportion of gelatinous fibers to lean for 
plots 1, 5, 10, 14, 16, 18 and 22. 
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Figure 23. Relation of the proportion of gelatinous fibers to lean for 
plot 1 and site index 95. 
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Figure 24. Relation of the proportion of gelatinous fibers to lean for 
plot 1 and site index 95, showing proportions from all three 
annual increments sampled per tree. 
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Figure 25. Relation of the proportion of gelatinous fibers to lean for 
plot Z and site index 89. 
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Figure 26. Relation of the proportion of gelatinous fibers to lean for 
plot 3 and site index 113. 
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Figure 27. Relation of the proportion of gelatinous fibers to lean for 
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Figure Z8. Relation of the proportion of gelatinous fibers to lean for 
plot 5 and site index 97 showing proportions from all three 
annual increments sampled per tree. 
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Figure Z9. Relation of the proportion of gelatinous fibers to lean for 
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Figure 30. Relation of the proportion of gelatinous fibers to lean for 
plot 14 and site index 11 Z. 
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Figure 31 , Relation of the proportion of gelatinous fibers to lean for 
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Figure 32. Relation of the proportion of gelatinous fibers to lean for 
plot 20 and site index 93. 
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Again the "lines of best fit were not drawn past the data points. While 
the data points appear restricted to a linear range, the over-all curve 
form could well be curvilinear. The curvilinearity must arise at some 
point, if only because the limits of the ordinate are 0 and 1. In some 
cases the curve may approach 1 asymptotically and in other cases the 
curve achieves the maximum directly and then maintains it throughout 
the subsequent x-range. 
No regression line was drawn for plot 2; instead, a scatter diagram 
is plotted for all three cores. The lack of functionality with lean was 
apparently translated circumferentially. Plot 3 is the only plot with a 
negative slope. As previously mentioned this stand was senescent (74 
years). Duration of lean has a negative relation with reaction, and on 
plot 3 the heavily leaning trees may have been locked in position for a 
long time while the smaller leans are of more recent origin (derived 
from additional canopy space due to mortality of adjacent trees). Plot 
20 had been cut over just prior to sampling, and some change of orienta-
tionhad probably occurred. On plot 20 the "t" for leanis not significant, 
but the "t' s" for crown volume and total height are highly significant. 
The residual trees had formerly been suppressed and this may, in part, 
explain the strong negative relationship between crown size and tension 
wood on this plot. The trees with the smallest crowns were the physio-
logically youngest and responded most. Lean was under fluctuation 
because of the low density of the residual stand. 
Only the lean stands out as a constant factor in the individual plot 
analyses, although it is not operative on some plots. It is obvious that, 
for a given lean, the anatomical expression of this morphogenetic phe-
nomenon is modified by environmental factors. 
DISCUSSION 
The chemical and physical properties of xylem are determined by the 
expression of the lignin-cellulose ratio in the cell walls. The walls of 
stimulated cells become swollen and stained purple by chloriodide of 
zinc, indicating the presence of long-chain cellulose molecule s, whereas 
the walls of unstimulated cells in situ are not appreciably swollen or 
stained. However, extracted cellulose from unstimulated tissues is 
iodine stainable after swelling by zinc chloride (Schorger, 1926, p. 214; 
Bonner, 1950, p. 362). The blue complex apparently cannot form when 
lignin bonding or structural interpenetration is present. The lack of 
structural rigidity and lamellar unification, occurrence of intermicellar 
movement, and greater amount of hydrophilic material are possible 
sources of the dimensional instability of tension wood. 
The "gelatinous" layer (highly crystalline cellulose) has greater den. 
sitythan lignified cell wall substance. According to Frey-Wyssling there 
is no "mass deficit" between tension wood and normal wood. Therefore 
the question arises whether the space vacancy created by the absence 
of lignin is actually occupied by more cellulose micelles of usual size 
fluctuation, larger micelles, smaller micelles, or some combination. 
Apparently there is a distribution of micelle size and degree of crystal-
linity associated with cellulose biosynthesis. Frey-Wyssling (195?) 
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states that the presence of noncellulosic constituents limits and causes 
defective cellulose crystallization, but this is not a factor in substances 
like polyethylene glycol which also have micellar structure. The role of 
phosphorus in cellulose synthesis may be important in answering these 
questions. It is now believed that cellulose synthesis (at least in some 
organisms) proceeds through uridine triphosphate (UTP) carrier mole-
cules (Whelan, 1959). Glucose and UTP combine to form uridine diphos-
phate glucose units (UDPG) which add to primer chains. The acceleration 
of cellulose synthesis in tension wood. may account for the increased 
phosphorus demand revealed in this study. This should be examined at 
more critical levels of phosphorus. 
Studies involving antimetabolites may provide important information 
about tension wood. The shifting levels of metabolites are probably 
related to negative feedback mechanisms similar to those currently being 
found fundamental in other regulatory functions. The absolute nature of 
the cytological response and the distributional nature of the histological 
responses are evidence of cyclical phenomena. This implies that the 
metabolic pathway only proceeds when required levels of certain metabo-
lites (components of the system) are present. The distributional form 
of the histological response arises from: (1) the cambial production of 
small groups of stimulated cells, and (2) the abrupt cambial fluctuation 
resulting from interruptions, possibly at various points in the metabolic 
cycle. Regardless of the source of the inducting complex, the induction 
comes very early in the ontogeny of the cell. 
Reaction tissue tends to develop where it opposes a deforming force 
and where it, in effect, maintains or restores a specific morphogenetic 
pattern. In angiosperms the locus of reaction tissue is so disposed that 
the concomitant contractive force will tend to restore the morphogenetic 
pattern, which presumably has selective value. Despite earlier view-
points (cf. Hartman, 1942; Sinnott, 1951, 1952) the phylogenetic develop-
ment is a direct product of the evolutionary process. Mechanical tissue 
in general has regulatory functions. This can be observed in climbing 
vines, petioles, and suitably stimulated herbaceous stems, as well as 
in the stems and branches of woody plants. The reaction tissues are 
"normal" physiological and morphological phenomena. They are not 
abnormal, in the sense that plant vigor is not depressed. The very 
interesting problem that remains to be answered is why, intthe two great 
groups of higher plants, the morphological and physiological processes 
involved assumed such diverse character to accomplish the same effect. 
The vertical crown position must have high adaptive value. 
The most immediate measures of environmental conditions in this 
study were "ring -width" (radial growth) and "cell number" (cambial' 
division). Both of these quantities were significantly _and positively cor-
related with the proportion of gelatinous fibers. Furthermore, the same 
factors that cause fluctuation in reaction tissue cause equally strong 
fluctuation in radial growth. The cytohistological observations also 
indicate that below a certain metabolic threshold (as revealed by x~da.al 
growth) no reaction tissue is produced irrespective of the amount of 
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stimulation. There is also a maximum expression of a given amount of 
stimulation, and beyond this point no additonal increase in metabolism, 
as revealed by radial growth, will casue an increase in reaction. Thus, 
for a given amount of stimulation the reaction is limited to certain meta-
bolic intervals as expresGed by radial growth. 
However, the results presentedin this report are only one randomiza-
tion of a general age class. In addition to the general environmental 
framework the capacity to "react" is a function of age and life cycle 
stage, as well as magnitude and duration of stimulus. For example, with 
younger plant material relationships may be more linear, and more 
positive relationship with the gross growth factors may exist. 
SUMMARY 
1. A biometric technique was developed for the study of reaction tissue 
inPopulus deltoides. Images of cross sections, including the cambium 
and 3 annual increments taken from the upper side of leaning cotton-
wood stems, were projected an paper grid systems. Counts of stimu-
lated and nonstimulated cells in randomly selected grids were re-
corded. 
a. Significant but small positive correlation exists between adjacent 
grid squares, and significant but small negative correlation exists 
between distant squares. 
b. Again in efficiency of 129%was obtained by using the weighted 
means of samples of eight grid squares instead of the unweighted 
means of individual squares. Variance was significantly greater 
than binomial variance. Transformations were not beneficial. 
2. The induction of the gelatinous layer occurs early in cellular ontogeny. 
The cambium produces stimulated cells in small groups, but abrupt 
variations occur, possibly from blockage at various points in the 
metabolic pathway. 
3. Higher proportions of gelatinous fibers are associated with larger 
ring width and with smaller cells. 
4. Strong fluctuation in the factors which determine radial grov~~th is 
associated with equally strong fluctuation in the factors that induce 
reaction tissue. The association of reaction. tissue and the factors 
controlling radial growth occur in certain metabolic intervals. 
5. Lean was the strongest correlate with the proportion of gelatinous 
fibers. Tension wood increased with increasing lean and for the age 
group and ecological situations of the trees examined in this study, 
there appears to be one over-all regresGion coefficient for proportion 
of gelatinous fibers regressed on lean. 
6. The rate and capacity for reaction tissue production in woody plants 
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are depresGedwith the onset of senescence, the duration of stimulus, 
and the levelling off of diameter growth. 
7. Available phosphorus was related to the proportion of gelatinous 
fibers. The relationship was highly significant and positive. This 
result may be related to the increased c :llulose biosynthesis asso-
ciated with tension wood. 
8. Crown volume was correlated with the proportion of gelatinous fibers, 
but its effect varies depending on the age and condition of the tree. 
Crown volume was highly correlated with many of the other soil and 
tree variables. 
9. Rapidly grown material had comparatively larger amounts of tension 
wood than equivalently leaning. slow-grown timber. Uniformity of 
growth conditions is also important in producing uniform properties 
(in this respect. 
10. Openings in the canopy are a source of lean and therefore of tension 
wood. Hence, proper stockings and perhaps association with the 
more tolerant silver maple (Acer saccharinum L.) should be con-
sidered as possible means of preventing quality loss. Another large 
loss in merchantability of cottonwood occurs in the margins of stands 
because of phototropic responses. This loss might also be minimized 
by border rows of some geotropic species. 
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